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When symmetry allows, the hydrogen
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Prereactive Complexes of Dihalogens XY with Lewis Bases B in the Gas
Phase: A Systematic Case for the Halogen Analogue B --- XY of the Hydrogen

Bond B:.- HX

Anthony C. Legon*

Reactions between dihalogen mole-
cules XY and simple Lewis bases B
are of fundamental interest in organic
and inorganic chemistry and, conse-
quently, have featured prominently in
the history of these subjects. When XY
is F, or CIF, such reactions can be
especially violent. Accordingly, it is a
challenge for the chemist to isolate and
characterize in detail the species pro-
duced in the initial, prereactive en-
counter of B/XY pairs in a potentially
reactive mixture. Moreover, prereac-
tive complexes of this type impact on
our understanding of the mechanisms
of the reactions, for they have been
invoked as intermediates. Mulliken

exist: those of the outer type B--- XY
(weak, no significant charge transfer)
and those of the inner type [BX]" - Y~
(strong, substantial charge transfer).
Here we demonstrate how prereactive
adducts of both the Mulliken outer and
inner types can be isolated in the gas
phase by using supersonic coexpansion
of the components, and then charac-
terized precisely by observation of
their rotational spectra. Generaliza-
tions about the properties of B --- XY,
obtained by investigating carefully tail-
ored series in which B and XY are
systematically varied, can be under-
stood on the basis of a simple electro-
static model of the XY interaction.
Among the properties of importance

are the extent of electric charge redis-
tribution in XY, the radial and angular
geometries, and the strength of the
intermolecular binding. A close paral-
lelism of the properties of B --- XY and
the corresponding B---HX suggests
the existence of a halogen bond ana-
logue of the hydrogen bond. The main
difference between halogen and hydro-
gen bonds lies in the propensity for
significant nonlinearity in the latter
that is absent in the former.

Keywords: gas-phase chemistry - ha-
logens hydrogen bonds inter-
mediates - prereactive complexes

\postulated that two types of complexes

%

1. Introduction

This year marks an important anniversary in the history of
molecular interactions. Fifty years ago, Benesi and Hilde-
brand™ published their landmark paper describing the UV/
Vis spectrum of molecular iodine dissolved in liquid benzene.
“Charge-transfer” complexes, subsequently renamed electron
donor—acceptor complexes by Mulliken, have been a matter
of serious interest in chemistry ever since. In the decade or so
after the Benesi— Hildebrand paper, much experimental work
followed, notable among which were some important X-ray
diffraction studies of complexes of Lewis bases and dihalogen
molecules in the solid state by Hassel and co-workers.? In the
same period, Mulliken developed a detailed theory of such
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interactions.®’! An important thread running through Mullik-
en’s work is the classification of complexes according to
whether the intermolecular interaction B--- XY is weak and
there is little charge transfer between the components (outer
complexes in Mulliken’s notation) or whether there is
extensive charge redistribution to give [BX]*--- Y~ (an inner
complex). In this review B is used as the symbol for a
generalized Lewis base and XY for a generalized dihalogen
molecule, either homonuclear (F,, Cl,, Br,) or heteronuclear
(CIF, BrCl). An inner complex is written [BX]*--- Y~ without
any prejudice as to whether complete transfer of X* to B has
occurred. This notation is meant only to imply significant
charge transfer.

Both outer and inner complexes have been invoked in
describing the mechanisms of reactions of halogens with
simple Lewis bases in solution. For example, [H;NX]"--- Y~
was invoked™ as an intermediate in reactions of halogens with
ammonia (Scheme 1), while the halogenium ion 2 in Scheme 2
was identified in the reactions of halogens and alkenes in
polar solvents and in the dark.’] In Schemes 1 and 2, the
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Scheme 1. A mechanism proposed for the reaction of molecular iodine
with aqueous ammonia solution. It involves an outer complex H;N --- I, and
then an inner complex [H;NI]*--- 1~ as intermediates.
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Scheme 2. Possible mechanisms for the reaction of halogen molecules with
alkenes in polar solvents in the dark; 1 and 2 are Mulliken outer and inner
complexes, respectively.

initial, presumably weak, complex B --- XY is often referred to
as a preequilibrium complex. In general, we shall use the
phrase prereactive complex (or intermediate) to describe the
complex formed in the initial interaction prior to chemical
reaction or significant charge transfer. This article is con-
cerned with prereactive complexes which are mainly of the
outer type but occasionally of the inner type.

Theoretical approaches to B --- XY have almost invariably
involved the isolated complex, while most experimental work
has been conducted in condensed phases (liquids, solutions, or
the solid state). If one wishes to provide experimental
evidence that makes direct contact with theory, it is clearly
desirable for it to be derived from the investigation of
complexes in isolation, either in inert gas matrices at low
temperature or, preferably, in the gas phase at low pressure, so
that molecules undergo few or no collisions. In the latter case,
the observed properties are unperturbed by lattice or solvent
effects and hence refer to the isolated molecule.

The objectives of the investigations described in this review
are to examine experimentally how the properties of com-
plexes B --- XY change as first B and then XY are systemati-
cally varied, with the aim of deducing the nature of the B ---
XY interaction and its dependence on the Lewis base and the
halogen involved. Inevitably, this approach requires that
simple Lewis bases B are chosen, but many of them are highly
reactive with respect to halogens. For example, mixtures of F,/

NH; and of CIF/C,H, react violently in the gas phase.
Therefore, to achieve the above objectives, it is necessary to
mix B and XY and allow the component molecules to interact
to give B--- XY but to preclude further progress along the
reaction coordinate, that is, to isolate the prereactive complex.

There are two ways of isolating prereactive complexes. The
first involves the use of low-temperature inert gas matrices, as
exemplified by the work of Pimentel et al.,l’l Ault et al. ]
Andrews et al.,[®! Barnes et al.,[! and others. These authors
used mainly IR spectroscopy to probe the matrix-isolated
complexes. There have been several reviews of this important
general method.['*-13]

The second method for forming and isolating prereactive
complexes is more recent™ but in many ways similar. It
involves the rapid mixing and supersonic coexpansion of the
components from the gas phase at moderate pressure into a
vacuum. This approach allows prereactive complexes to be
investigated by means of their rotational spectra in the
collisionless phase of expansion and therefore in the absence
of interaction with any other molecule. It thus brings to bear
on the species so isolated all the precision and detailed
knowledge that are typical of rotational spectroscopy. The
results obtained in this way are the subject of discussion here.

We shall first consider how to characterize complexes B -+-
XY by rotational spectroscopy, assuming they can be pro-
duced and isolated before chemical reaction. This involves a
brief description of FT microwave spectroscopy and a survey
of the spectroscopic constants that can be extracted from
analysis of the rotational spectra. A delineation of those
relevant molecular properties of the complex that can be
derived from the spectroscopic constants follows. These are
radial and angular geometries, the strength of the intermo-
lecular binding, and the extent of electric charge redistrib-
ution accompanying complex formation.

The main body of the review is concerned with an
examination of the properties of isolated complexes B --- XY
and how they change as B and XY are varied. From this
systematic investigation of the properties, generalizations
about B --- XY complexes are deduced and the nature of the B
--- XY interaction inferred. An important part of the process
are comparisons of the properties of B --- XY complexes with
those of their hydrogen-bonded analogues B---HX (X=
halogen). The work on hydrogen-bonded complexes has been
reviewed elsewhere.["”]
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2. Prereactive Complexes B--- XY:
Formation, Isolation, and Characterization

This section consists of two parts. First, the means of
detecting and characterizing the species B---XY by their
rotational spectra will be described, under the assumption
that the complexes can somehow be formed and isolated
before chemical reaction between the components B and XY.
In the second part, the means by which prereactive complexes
can be formed and isolated prior to chemical reaction are
discussed.

2.1. How to Detect and Characterize Prereactive
Complexes

Rotational spectroscopy is a powerful method of measuring
the precise properties of molecules in effective isolation in the
gas phase. The rotational spectra of complexes with a
reasonably strong intermolecular bond have been observed
in equilibrium gas mixtures of the two components at low
temperature by using Stark modulation microwave spectro-
scopy.['®l For more weakly bound complexes, techniques that
involve supersonic jets or beams must be employed, namely,
molecular beam electric resonance spectroscopy (MBERS,
pioneered by Klemperer et al.)[”l and pulsed-nozzle, Fourier-
transform microwave spectroscopy (developed by Flygare
et al.).'8] In each technique, a supersonic jet or beam of gas
mixture—formed by premixing the components and then
strongly diluting them with, for example, argon—is expanded
from a reservoir held at a relatively high pressure through a
small circular nozzle into a vacuum. The gas emerging from
the nozzle is rich in weakly bound complexes which achieve
collisionless expansion on a short time scale (ca. 10 ps), after
which they are frozen in their lowest rotational and vibra-
tional energy states until the gas hits a wall of the vessel, for
example. While in the state of collisionless expansion, the
complexes can be interrogated by microwave radiation and
their rotational spectra recorded. The results presented here
were obtained, for the most part, by pulsed-nozzle, FT
microwave spectroscopy. Good descriptions of the MBERS
technique and its achievements are given in refs. [19] and [20],
respectively.

Figure 1 shows a schematic diagram of the spectrometer.?!l
In the first of a sequence of carefully timed events, a short
pulse of a mixture of the appropriate components is expanded
with the aid of a solenoid valve from a pressure of a few bar
into the evacuated chamber of the spectrometer. This
chamber contains a pair of nearly confocal, concave alumi-
num mirrors that constitute a microwave (mw) Fabry — Pérot
(FP) cavity. When the gas pulse has reached the center of the
FP cavity, a 1-us pulse of monochromatic radiation of
frequency v, to which the cavity is tuned, is allowed to enter
the cavity, where it forms a standing wave pattern. Molecules
in the gas pulse that have a rotational transition within the
bandwidth of the FP cavity (ca. 0.5 MHz) are rotationally
polarized by the radiation. The half-life for spontaneous
coherent emission from the polarized gas at frequency v,, is on
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Figure 1. Schematic diagram showing the essential components of a
pulsed-nozzle, FT microwave spectrometer. The nozzle is of the conven-
tional type, suitable only for observing rotational spectra of complexes B ---
HX that can be formed from premixed components B and HX.

the order of 100 ps, while the polarizing pulse has a half-life of
only about 0.1 ps. Consequently, by delaying detection for a
few microseconds, the free-induction decay at the rotational
transition frequency v, can be detected in the effective
absence of the initial microwave pulse. The emission at v, is
processed by mixing it down in two stages (although only one
is shown in Figure 1), as a signal proportional to the strength
of the oscillating electric field of frequency |v —v,,|, which
normally lies in the range 0—500 kHz. Fourier transformation
then gives the intensity versus frequency spectrum in the
range +500 kHz centered on v. The experiment is an exact
analogue of FT NMR spectroscopy, except that the molecules
undergo an electric polarization in the former, instead of the
magnetic polarization of the latter.

By analysis of rotational spectra observed in this way, a
variety of spectroscopic constants that contain much infor-
mation about the complexes can be determined. Those of
most direct interest to the present discussion are listed in
Table 1. Rotational constants are inversely proportional to
principal moments of inertia, which are in turn simple
functions of the distribution of the mass of the complex in
space. Accordingly, these quantities can be used to determine
the separation of the two subunits B and XY and their relative
orientation in space, that is, the radial and angular geometries
of the complex.

The centrifugal distortion constant D, (linear or symmetric-
top molecules) or 4; (asymmetric-rotor molecules) is simply
related to the intermolecular stretching force constant k, for
the approximation of rigid, unperturbed subunits B and XY
with the neglect of terms higher than quadratic in the
intermolecular potential energy function.??! Since k, is the
restoring force per unit infinitesimal extension of the weak
bond, it provides one measure of strength of the interaction
(the other is the dissociation energy).

The final spectroscopic constants of particular interest here
are the halogen nuclear quadrupole coupling constants y,,5(X)
and yx,,(Y), where a and f8 are to be permuted over the
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Table 1. Spectroscopic constants from rotational spectroscopy and the molecular properties to which they lead.

Spectroscopic constant Molecular property

Comment

Nature of the spectrum Symmetry

Spectral pattern is different for linear, symmetric-top, and asymmetric-top molecules.

Observation of a particular pattern often allows molecular symmetry to be established.

Rotational constants,
Al'lv B(lv Cﬂ
Centrifugal distortion
constant, D; or 4,

Radial and angular geometry

Intermolecular stretching force
constant k, of a weakly bound
complex

Nuclear quadrupole coupling Electric field gradient at a nuc-
constants leus X having a nonzero electric
Lep (X) = — (eQ/h)0*V ,/0adf quadrupole moment O,

B, = h/8n’I,, where I, = Z;m{a? + ¢?) is a principal moment of inertia. [, depends on the
relative positions (i.e., principal axis coordinates a;, ¢;) of atoms.

For weakly bound complexes B --- XY, the components B and XY can in good
approximation be assumed rigid. Then, if higher than quadratic force constants can be
neglected, D, is proportional to k.

Depends on the detailed electric charge distribution within the molecule. If a molecule
XY is subsumed into a complex, 9*V/0adf at X and Y change. The x(X) and %(Y) can
be used as a probe of the change.

principal inertial axis directions a, b, and ¢. The importance of
these quantities lies in the definition of the nuclear quadru-
pole coupling tensor y,,(X) = — (eQ,/h)3*V,/0adp, where Oy is
the conventional electric quadrupole moment of nucleus X
and —0?V/0adp is the electric field gradient (EFG) tensor at
nucleus X. Further details of the nuclear quadrupole inter-
action are given in Section 3.1. For present purposes, the fact
that y,4(X) is proportional to the electric field gradient at
nucleus X means that changes in y,,(X) and y,(Y) on
formation of B --- XY provide a quantitative measurement of
the changes in the EFGs at X and Y, and hence in the electric
charge distribution of XY. In addition, when the complete
tensor y,4(X) or x,(Y) is available, it provides important
information about the orientation of the XY subunit with
respect to the principal inertial axis system a, b, ¢ and hence
about the angular geometry of B --- XY.[*!

2.2. How to Form and Isolate Prereactive Complexes

Section 2.1 outlines how to determine certain properties of
a complex B --- XY from spectroscopic constants obtained by
analysis of its rotational spectrum, as observed in a super-
sonically expanded jet by pulsed-nozzle FT microwave
spectroscopy. Normally, the mixture of the two components
of interest, diluted in argon, would be held in a stagnation
tank at a total pressure of about 3 bar prior to its expansion in
short pulses (produced by a solenoid valve) into the vacuum
chamber. For most of the complexes of interest here this
approach could not be used because the two components B
and XY would undergo chemical reaction. This is a particular
problem with, for example, mixtures B/XY in which B is
ammonia, ethene, or ethyne and XY is F,, CIF, or Cl,, for
which the reaction can be rapid. Clearly, to observe the
prereactive complexes B--- XY, a device is required which
achieves a time between mixing of the components and the
collisionless phase of the supersonic expansion short enough
to preclude chemical reaction.

Such a device is the fast-mixing nozzle!' shown schemati-
cally in Figure 2. It consists essentially of a pair of concentric,
nearly coterminal tubes of circular cross-section and is
attached to the outlet of a solenoid value. One of the reactive
components flows (usually undiluted) continuously through
the central glass capillary (0.3 mm internal diameter) into the
evacuated chamber of the spectrometer. The other compo-
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Figure 2. Schematic diagram of a fast-mixing nozzle. The component gases
illustrated are those required to detect the rotational spectrum of H,S -+ F,,
a transition of which is shown in Figure 3. The glass capillary used in this
experiment had an internal diameter of 0.3 mm.

nent diluted in, say, argon, is sent in short pulses from a
stagnation pressure of about 3 bar down the outer tube. The
gas pulses are produced by the solenoid valve. The two
components meet only in the approximately cylindrical
interface between the concentric gas streams as they emerge
in simultaneous expansion from the tubes. Moreover, they
encounter each other while moving at high speed away from
surfaces, so the possibility of surface-initiated radical reac-
tions is reduced. We shall see that complexes formed at the
interface of the gas flows achieve states of low internal energy
and collisionless expansion on the order of 10 ps. Thereafter,
there is no possibility of unimolecular, bimolecular, or
surface-initiated reaction until the gas flow hits a wall of the
vacuum chamber. The complexes are effectively frozen as
prereactive intermediates for about 300 ps, during which their
rotational spectrum can be recorded by the method outlined
in Section 2.1.

Figure 3 shows a rotational transition of H,S --- F, recorded
by using the fast-mixing nozzle in an FT microwave spec-
trometer. The effectiveness of the device becomes clear when
it is recalled that ignition is observed in H,S/F, mixtures at
room temperature at pressures as low as 107°bar.?*l The
reasons for its success may be sought in the properties of the
supersonic expansion which can be discussed conveniently in
terms of the ratio X/d, where X is the distance traveled by the
gas downstream from the circular nozzle exit of diameter d.

Angew. Chem. Int. Ed. 1999, 38, 26862714
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Figure 3. A frequency domain recording of the 3y;—2, transition in the
ground state of H,S --- HF. Frequencies are offset from 10384.1660 MHz at
a rate of 3.90625 kHz per point. Solid dots have been joined by straight
lines. The transition is centered at 10383.9668 MHz. The doublet structure
arises from EF spin—spin splitting. See reference [64] for further details.

Gas dynamics calculations/®! show that for an axisymmetric
expansion of room-temperature argon from a pressure of a
few bar through a circular nozzle with d=0.3 mm, the gas
flow reaches its terminal speed of 5 x 10* cms™! after a few
nozzle diameters of travel downstream from the exit, and the
temperature drops to around 1 K by about X/d =10 or soon
after. The number of three-body collisions Z; for each
molecule diminishes very rapidly, so that the formation of
complexes, which requires three-body collisions, is effectively
over within a few nozzle diameters. Two-body collisions cease
after the gas has traveled about ten nozzle diameters, that is,
after about 10 ps. Clearly, if the complexes formed in the first
few microseconds survive until then, there is no mechanism by
which they can undergo reaction and they are effectively
frozen. Hence, the rapid expansion in the absence of surfaces,
coupled with the dilution of one component in argon, appears
to be responsible for the efficacy of the fast-mixing nozzle.

3. Systematic Variation of B and XY:
The Nature of the B:-- XY Interaction

This part of the review is concerned with examining how the
properties of B--- XY (see Section 2.1 and Table 1) change as
B and XY are systematically varied and the conclusions about
the nature of the B--- XY interaction that can be thereby
deduced. The first question to be addressed is whether the
observed complexes belong to the weak, outer type or to the
strong, inner type in the classification of Mulliken.! The most
important criterion is the extent of electric charge redistrib-
ution that accompanies formation of B --- XY, since it will be
minor for an outer complex B --- XY but major for an inner
complex [BX]"---Y~. A less direct criterion is the binding
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strength, as measured by k,. Once it has been established that
certain B--- XY species belong to the outer type, it will be
profitable to consider their angular and radial geometries.

3.1. Electric Charge Redistribution in XY on Formation of
B-.-XY

A powerful probe of electric charge redistribution is
provided by the nuclear quadrupole coupling constants,
particularly those associated with the XY subunit, since they
lead to the electric field gradients at the nuclei (Section 2.1).
This information is most straightforwardly interpreted in
terms of changes in the electronic distribution when XY is a
homonuclear dihalogen, such as Cl, or Br,. Less directly
obtainable, but equally valuable, information about electronic
structure results when XY is a heteronuclear dihalogen such
as BrCl or CIF. The absence of a nuclear electric quadrupole
moment for YF means that a similar probe of the modified
charge distribution of F, when subsumed into B---F, is not
available. However, indirect evidence of a negligible mod-
ification in most B --- F, will be adduced below.

3.1.1. Nuclear Quadrupole Coupling as a Probe of Electric
Charge Redistribution in a Homonuclear Dihalogen X, in
B---X,

Apart from '°F, halogen nuclei have an electric quadrupole
moment @, and an intrinsic (or spin) momentum I,. The
nuclear spin vector I, can couple in only a limited number of
discrete orientations to the rotational angular momentum
vector J of the framework of a molecule carrying the atom X.
This corresponds to different orientations of Q, with respect
to the electric field gradient VE, at X and therefore to a set of
different potential energies of interaction. The result is a
hyperfine splitting of rotational energy levels and transitions.
Analysis of this hyperfine structure gives nuclear quadrupole
coupling constants y,5(X) = — (eQ,/h)0*V,/0a0B, where a and
p are to be permuted over the principal inertial axes a, b, and
c. Only zero-point values of the y,,(X) are measured.

The analysis that follows?*2 applies to complexes B --- X,
of axial symmetry (Cs, or higher) or of C,, symmetry in which
the X, internuclear axis z coincides in the equilibrium
conformation with the C, axis and with the a axis. The
equilibrium nuclear quadrupole coupling constants along z
(or a) are denoted y¢.(X;) and y¢,(X,), where the subscripts i
and o refer to the inner and outer X nuclei in B--- X, and it is
assumed implicitly that both atoms X belong to the same
nuclide.

Although there is only one coupling constant y,(X) for free
X,, the formation of B --- X, leads to a divergence of the zero-
point values y..(X;) and x,.(X,), as the former increases and
the latter decreases in magnitude. This is a result mainly of the
polarization of the electric charge distribution of X, by the
molecule B. Ab initio calculations have shown® that when N,
---HX is formed, the effect of HX on the equilibrium “N
nuclear quadrupole coupling constants leads to the relation
18 (N + xS, (4N,) &~ 2x,(*N) for all but very small intermo-
lecular separations. Similarly, y¢.(X;) of B--- X, increases in
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magnitude while y¢ (X,) suffers a nearly equal decrease,
leading to x% (X)) +x%.(X,) ~2yo(X). This means that the
quotient f defined in Equation (1) can be written as Equa-
tion (2) to a high degree of approximation, where Ay (X) =

F= e (X0) — 78 (XM (X0) + 16 (Xo)} M
f= 8y (X)/20(X) @

25.(X)) — x¢.(X,)- In view of the definition of nuclear quadru-
pole coupling constants, it follows that fis related to the EFG
at the two nuclei X; and X, by Equation (3), where Fj is the

f=AF,./2F, 3)

electric field gradient along z at X in free X, and AF,, is the
difference in EFG between the nuclei X; and X, in B--- X,.

The Townes—Dailey model®Y provides a conveniently
simple approximate method of estimating the EFG at nuclei
in terms of the contributions of p, d,... valence electrons. It
predicts that when a fraction 0 of a 3p, electron is transferred
from CJ; to Cl, in Cl, to give CI; --- Clg, the difference AF,, =
F., — F2,=20F,. Then Equation (3) becomes Equation (4).

f=o )

Hence, the quotient defined in Equation (1) is, in the
approximation of the Townes— Dailey model, the fraction o
of an electronic charge transferred from X; to X, when B --- X,
is formed. This analysis ignores intermolecular charge trans-
fer, but in view of the small values of ¢ thus found this neglect
seems reasonable.

The fact that zero-point quantities y..(X;) and y..(X,) are
observed rather than their equilibrium counterparts is not a
problem. For an axially symmetric complex B---X,, zero-
point averaging can be taken into account in good approx-
imation by Equation (5) with an analogous equation in X,

X::(X0) = Yoy (Xi) (Beos’dp — 1) ©)

where ¢ is the instantaneous angle between the X, axis and its
equilibrium direction z. Equation (5) is an exact equality if the
EFGs at X; and X, are independent of the motion of B and if
intermolecular stretching is ignored. It then follows that
Equation (2) also holds when zero-point coupling constants
are used instead of equilibrium values.

Figure 4 plots values of 0 for a series of complexes B---
C1,?%28. 32381 and B --- Br,[* ) against k,, which is a measure of
the strength of the interaction. Two features of Figure 4 are
noteworthy. First, apart from the H;N---Br, complex, the
values of 0 are all on the order of a few hundredths of an
electronic charge. Second, the J values all lie on the same
straight line. Evidently, these complexes are Mulliken com-
plexes of the outer type, with very small electric charge
redistribution on complex formation. The values of J are in
accord with those from ab initio calculations. For example,
values of 0 =—0.015 and 0.018 were obtained for ethene---
CL™ for the changes in electronic population at Cl; and Cl,,
respectively. A Sternheimer-like response property g,,. was
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Figure 4. Systematic variation of the fraction of an electronic charge o
transferred from X; to X, on formation of B---X, (X=CI and Br). The

intermolecular stretching force constant k, is used to order the B---X,
according to the strength of the interaction.

deduced for free Cl, from the observed variation of ¢ with
B.B% A similar approach was applied to the ¢ value of HiN -+
Br,.*

3.1.2. Nuclear Quadrupole Coupling as a Probe of Electric
Charge Redistribution in a Heteronuclear Dihalogen XY
inB--- XY

The foregoing treatment needs some modification when
XY is a heteronuclear dihalogen such as BrCl. According to
the Townes — Dailey model, if the formation of B--- XY in its
equilibrium conformation leads to transfer of a fraction ¢ of
an electronic charge from X to Y, the equilibrium coupling
constants x¢,(X) and y¢.(Y) (z is the XY internuclear axis) are
related to those of the free XY molecule y(X) and y,(Y) by
Equations (6) and (7) where y(X) and y,(Y) are the nuclear

%5:(X) = xo(X) + 0 xa(X) ©)
%5:(Y) = xo(Y) — 0 xa(Y) ™

quadrupole coupling constants of the halogen atoms X and Y,
respectively. Values of y,(X) and y,(Y) are well established.*]

With the same approximation that holds in Equation (5),
the zero-point values y,.(X) and y,.(Y) are related to the
equilibrium quantities by Equations (8) and (9). Given yA(X),
1a(Y), xo(X), and x(Y), solutions of Equations (8) and (9)
with the experimental values of y_.(X) and y_.(Y) provide ¢
and ¢,, = cos~{cos? ).

X2e(X) =Vio(X) + 074 (X) [(3cos’¢ — 1) ®
%2(Y) =Valxo(Y) — 0 xa(Y)[(3cos’¢ — 1) ©)

Values of § so obtained for the series of complexes B -+
BrClI#*) are plotted in Figure 5 against k,, as a measure of the
intermolecular binding strength. Note that ¢ is again an
approximately linear function of k, and is small (6 <0.06)
except for the fairly strong complex H;N -+ BrCl (6 =0.11).F%
We therefore conclude that electric charge redistribution
within BrCl on formation of B---BrCl is small. In fact,
comparison of Figures 4 and 5 indicates that, for a given B, the
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Figure 5. Systematic variation of the fraction of an electronic charge o
transferred from Br to Cl on formation of B--- BrCl. The intermolecular

stretching force constant k, is used to order the B --- XY according to the
strength of the interaction.

value of 0 for B---BrCl is approximately twice that of B---
Cl,. It is of interest that k,(B-:-BrCl)x~2k,B:--Cl,) for a
given B also (see Section 3.2).

Application of a similar approach to complexes B --- CIF
encounters the problem that F does not possess a nuclear
electric quadrupole moment, and hence only Equation (8) is
available for X=Cl. To deconvolute 6 and ¢,, some
assumption is then necessary. One approach is to make
sensible assumptions about ¢,,, which are discussed in detail
elsewhere.l’!! The result is that, for the B --- CIF in which B is
N, .2 CO,P1 C,H, P C,H, P HCN, H,SP7 or H,O,%1 6 lies
in the range 0.00 to 0.040. H;N --- CIF®™ is excluded from the
list of B --- CIF complexes discussed because there is evidence
from the value of y_.(Cl) for a contribution of a few percent of
the ionic structure [H;NCI]*--- F~ to a valence bond descrip-
tion of the molecule (see Section 4.2).

3.1.3. Are B--- XY Complexes Considered Here of the
Mulliken Outer or Inner Type?

The discussion of Sections 3.1.1 and 3.1.2 is based on a
simple interpretation of the changes in the XY nuclear
quadrupole coupling constants when B --- XY is formed. Some
general conclusions about the nature of the intermolecular
interaction are possible by consideration of the fractional
electronic charge transferred from X to Y so determined.

First, with the exceptions of H;N---BrCI® and H;N---
CIF,*l which are both fairly strongly bound according to the
k, criterion (see Section 3.2), 0 is only a few hundredths of an
electronic charge. Evidently, the XY molecule suffers only a
minor electronic perturbation. Accordingly, we describe all
the complexes B--- CIF, B ---BrCl, B--- Cl, so far mentioned
as belonging to the weak, outer type defined by Mulliken.P!
This is the reason why intermolecular charge transfer was
ignored in the analysis of XY nuclear quadrupole coupling
constants in Section 3.1.1.

Second, we note that for a given B the values of d are in the
order B---BrCl>B---Br,>B:--Cl, 2 B --- CIF. For example,
when B is CO the values of 6 are 0.025,1*! 0.020,[1 0.012,[281
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and 0.013,PY respectively. This order is that which might be
expected in terms of the axial dipole polarizabilities of the
interhalogen/halogen molecules, which follow the same
pattern.[]

We shall show in Section 4 that it is possible to observe
complexes that do show significant charge transfer between
the Lewis base and Lewis acid.

3.2. Systematic Behavior among Intermolecular
Stretching Force Constants k, of B --- XY

Intermolecular stretching force constants k, have been
determined from centrifugal distortion constants D; or 4, for
a sufficient number of halogen or interhalogen complexes
with Lewis bases B to establish whether there is any system-
atic behavior of k, when B or XY is systematically varied.
Such behavior has already been identified" %2 in the series of
complexes B ---HX (X =F, Cl, Br).

Table 2 displays the values of k, for some B--- XY com-
plexes with axial or C,, symmetry (H,S--- XY complexes are
an exception, but they differ inertially so little from axial

Table 2. Values of the intermolecular stretching force constant k,[Nm™'] for
complexes B -+ XY.l2I

B XY
F, cl, Br, BrcCl CIF

co -(13) 3780 (36)  51M1(63) 6341 (63) 7.0 (6.9)

CH, -(20) 5650 (54) - (7.8) 9.4471(9.5)  10.054 (10.3)

CH, -(22) 5927 (60) - (8.7) 10.5141 (10.6)  11.01% (11.5)

HCN 2601 (23) 667 (62) - (9.1) 11199 (11.0) 12,3550 (12.0)

HS  24%26) 6359(69) - (10.0) 12211 (11.0)  13.357 (13.2)

NH, 4769 (47) 12709 (12.6) 18.50%1 (18.3) 26.700 (22.3) 34.30%1 (24.3)

[a] Values in parentheses are calculated from the Ny and Exy values of Table 5 by
using Equation (10). See text for discussion of the discrepancy of observed and
calculated k, for H;N --- CIF.

symmetry that they can be considered here with negligible
error). Several conclusions are immediately evident from
Table 2. First, for a given XY, the order of k, is OC<
HCCH~H,CCH, <HCN <H,S<NH;. This order also
holds for B---F, with B=HCN,® H,S[* or NH;;®! for
these complexes the interaction is extremely weak. Second,
for a given B, the order of k, is F, < Cl, < BrCl < CIF. Both
sets of observations are consistent with the deductions about 0
in Section 3.1 and with the conclusion that the interaction is,
for the most part, of the weak electrostatic type.

It is of interest to compare the behavior of the k,in the B---
XY series with those in the related hydrogen-bonded series B
---HX. Values for the latterl® are listed in Table 3. In general
the B---HX interactions are of the weak -electrostatic
type,l°” % and the k, values of a large number of complexes
can be reproduced by the empirical Equation (10)[°: % where

ko= cNp Enx (10)

N and Eyyx are gas-phase nucleophilicities and electrophilic-
ities assigned to the individual molecules B and HX,
respectively, and ¢ is a constant. Values of Ny and Eyx for a
range of B and HX are given in Table 4 and, with the value

2693



REVIEWS

A. C. Legon

¢=0.25Nm~, reproduce the observed k, of the B---HX in
Table 3 very well. Questions that immediately suggest them-
selves are: Can the k, of the B --- XY series be reproduced by
an equation such as Equation (10) and, if so, are the

Table 3. Values of the intermolecular stretching force constant k, [Nm™]
for a selection of hydrogen-bonded complexes B --- HX.[2]

B HX
HF HCI HBr

Cco 85 (8.5) 3.9 (4.2) 3.0 (3.6)
CH, ~(12.8) 6.4 (6.4) ~(54)
CH, ~(11.8) 5.9 (5.9) 52018 (4.9)
H,S 12.0 (12.0) 6.8 (6.0) 5.9 (5.0)
HCN 182 (18.2) 9.1 (9.1) 73 (1.7)
NH, 32.8 (30.0)% 17.6 (14.9)8 134 (12.5)")

[a] Experimental values are from references [61] or [62], unless otherwise
noted. Values in parenthesis were calculated by using the appropriate Ny
and Eyxy values from Table4 and the analogue of Equation (10).
[b] Calculated by using the value of D, communicated to the author by
P. R. R. Langridge-Smith and B. J. Howard, in the appropriate expression
from reference [22].

Table 4. Values of nucleophilicities Ny of Lewis bases B and electro-
philicities Eyx of HX, as determined from k, values of B --- HX.

nucleophilicitiesl?!

B Cco GH, GH, HS HCN  NH,
Ng 34 5.1 4.7 4.8 7.3 11.9
electrophilicities!®!

HX HF HCl HBr

Eux 10.0 50 42

[a] Values of Ny were obtained from the k, values of a wide range of B ---
HX in references [61] and [62], except for Nyg,, which was estimated by
using only the k, for H;N---HCN and H;N---HCCH. [b] Values of Eyx
from references [61] and [62].

nucleophilicities of B with respect to the XY identical with
those obtained from the k, of the B --- HX series.

We begin by assuming that ¢ in Equation (10) has the same
value for both the B---HX and B:-- XY series. We choose
arbitrarily that Eg,=9.0 and then use k, for the B --- BrCl
series**! in Equation (10) to obtain the Ny values for CO,
C,H,, C,;H,, HCN, and H,S shown in Table 5. We do not use
the H;N -+ BrCl valuel™! to obtain Nyy, because the approx-

Table 5. Values of nucleophilicites Ny of Lewis bases B and electro-
philicites Exy of dihalogen molecules XY calculated from k, values of B ---
Xyl

nucleophilicities

B CO CH, CH, H,S HCN NH,
Ng 2.8 42 4.7 5.4 4.9 9.9
electrophilicities

XY F, Cl, Br, BrCl CIF

Exy 1.9 5.1 7.4 9.0 9.8

[a] Values of N and Exy were obtained from the k, values of a wide range
of B - XY, as described in detail in the text.

imation of weak interaction probably does not hold in this
complex, which has k,=26.7(3) Nm~'. Instead, we employ
k,=12.7Nm™ of H;N--- CL,® with E¢,=5.1 (see below) to
obtain Nyy,=9.9 from Equation (10). The choices of Ep,=
19, Eq,=5.1, Eg,,=74, Ep,=9.0, and Ecr=9.8 together
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with the Ng values of Table 5 then reproduce the observed k,
values (see Table 3) reasonably well; exceptions are for H;N
---BrCl and H;N---CIF, which have observed k, values
considerably larger than those predicted on the basis of the
Exy and Ny values of Table 5 by using Equation (10). These
larger values are thought to arise from a nonneglible charge
transfer, as represented by a small contribution of the ionic
structure [H;NX]*--- Y~ to the valence bond description of
these complexes.™ In the case of H;N---CIF, evidence in
favor of this conclusion can also be adduced from the Cl
nuclear quadrupole coupling constant. (See Section4 for
further discussion.)

Table 4 contains the Ny values determined for the B--- HX
series, while Table 5 lists those derived from B--- XY in the
manner described above. The magnitude of Ny for the two
classes of complex is similar for a given B, except for the case
of HCN, which appears to exhibit a much greater nucleophi-
licity with respect to hydrogen halides than it does with
respect to diatomic halogen or interhalogen molecules. The
Exy values of Table 5 should be compared with the set of Eyx
derived previously from k, of B---HX complexes (Table 4).
The order Ey, < Eq), < Ey,, < Ep,c; < Ecjp is reasonable in view
of the order of the electric quadrupole moments!®® ™l of 2.76 x
10~ Cm?, 10.79(54) x 10~ Cm?, and 1752 x 10~ Cm? for
F,, Cl,, and Br,, respectively, and the fact that BrCl and CIF
have small electric dipole moments of similar magnitude.[" 7

3.3. Systematic Behavior among Angular Geometries
of B:-- XY

3.3.1. Introduction

The analysis of the halogen nuclear quadrupole coupling
constants of B:--XY (Section3.1) established that most
complexes involve only a minor perturbation of the electric
charge distribution of the halogen. Similarly, the intermolec-
ular stretching force constants k,, considered in Section 3.2,
are usually small and indicate that the intermolecular binding
is weak. The systematic behavior of the k, as B and XY are
varied is similar to that observed previously for a large
number of hydrogen-bonded complexes B --- HX, the proper-
ties of which can be understood on the basis of a simple
electrostatic model. It seems likely that the properties of the
series B --- XY may also be accounted for by such a model. In
this section we consider angular geometries of B--- XY
determined from the rotational spectra under the assumption
of unperturbed monomer geometries. This assumption is
reasonable in view of the conclusions about electric charge
redistribution and the strength of the interaction given above.
Moreover, ab initio calculations on some B--- XY confirm
that this assumption is unlikely to lead to serious errors.*! 7 74

The angular geometries of the B---HX were rationalized
some time ago by using a set of empirical rulesl® 7! that are
electrostatic in origin. These rules may be stated in three
parts: The angular geometry of a hydrogen-bonded complex
B ---HX can be predicted by assuming that, in the equilibrium
arrangement, the axis of the HX molecule lies 1) along the
axis of a nonbonding electron pair (n-pair) of the electron-
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donor atom of B, with H°* closer to the n-pair than X°, or
2) if B carries no n-pairs, along the local symmetry axis of a 7t
or pseudo-m orbital, whereby H* interacts with the 5t density.
3) If B carries both n- and & pairs, rule (1) defines the angular
geometry.

3.3.2. n-Type Complexes of Simple Lewis Bases
(B =CO, HCN, NH,, H,0, H,S, HF)

In this section we shall examine whether these rules apply
to B---XY complexes and, if so, how accurate is the
parallelism between the B--- XY and B---HX angular geo-
metries. We shall use mostly B --- HCl as the example of the
latter because this is the series within B---HX that is most
extensively investigated.

We consider first those complexes B --- XY for which the
symmetry of B is such that the assumption of linearity of the
systems Z---X—Y and Z---H—Cl (Z is the electron-donor
atom/center in B), implicit in the rules as stated in Sec-
tion 3.3.1, will hold. We shall then consider examples where
the hydrogen and halogen bonds can be nonlinear.

The complexes H;N -+ F, [ H;N--- CL,,38 H;N -+ Br,,?)
H;N--- BrCLP and H;N --- CIFP all have C, geometry of
the type shown in Figure 6. Hence they are consistent with
rule (1), when it is restated to take into account that the
electrophilic region of the halogen (6+ in °*X%&X°* or
*+X—Y?") interacts with the n-pair on N so that XY lies along

a)

Figure 6. a) Nonbonding pair electron density model of NH; and the
observed C;, geometries of b) H;N---HCI, ¢) H;N--- CIF, and d) H;N ---
Cl,. All diagrams in this review are drawn to scale. Hydrogen atoms are
shown as small open circles and are unlabeled. All other atoms are labeled.
The orbitals of nonbonding electron pairs are drawn in the exaggerated
“rabbit’s ear” form that is conventional in chemistry; they are not to be
taken literally. Component geometries are assumed to be unperturbed by
complex formation. Distances r(Z--- X) for all complexes B---XYand B ---
HX considered here, where Z is the acceptor atom or center in B, can be
found in Tables 7-10.
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the C; axis. Similar geometries have been observed for H;N ---
HX complexes (X = C1,® Br,["1 1I7%1) as shown in Figure 6 for
H;N---HCl. A similar interpretation applies to the Cj,
complex H,P --- Cl,,B4 which is isostructural with HyP--- HX
(X — F,[W] CL[80] Br’[81] 1[82]).

The complexes OC---CL,*l OC---Br,,® OC---BrCl,!
and OC:-- CIFP all have linear arrangements in which the
n-pair on C is the center of interaction with the 6 + region of
the halogen or interhalogen molecule. This arrangement is
isomorphous with those observed for all OC---HX (X =F,®l
CL,1% Br,I®] 31) and is that predicted by a suitably modified
rule (3), since OC carries both n-pairs and nt pairs, but the
n-pair on C takes precedence. The complexes HCN - F, [63]
HCN - CL,,FTHCN --- BrClL“l and HCN - - CIF also have a
linear geometry, in which XY is preferentially attached to the
axial nonbonding pair on N rather than to the & electrons of
the C=N bond. Hence rule (3) is obeyed by this series also.
The HCN --- HX[I have a similar geometry.

The symmetries of the Lewis bases B so far discussed lead
to complexes in which the Z---X—Y and Z---H-X systems
are linear in the equilibrium geometry, where Z is the
electron-donor atom or the center of the m bond in B. The
first, and simplest, examples in which the conventional
nonbonding or m electron model of the Lewis base B leads
to the possibility of a nonlinear Z--- X—Y or Z--- H=X system
occur when B is H,O or H,S. The nonbonding electron pair
model of H,O is shown in Figure 7 and leads, according to

a)
e
b) ./'iv¢
%@ e, O—®
c) |

’A_:,‘ prreeeeeeen @:®

Figure 7. a) Nonbonding electron pair model of H,O and the observed
geometries (pyramidal, C,) of b)H,O:--HF and c)H,O---CIF. The
equilibrium geometry for H,O--- HF is shown, for which the angle ¢ =
46(5)°, as determined in reference [92]. For H,O --- CIF, the estimated value
is ¢=20° but this is an effective value for the zero-point state (see
reference [58]).

rule (1), to the prediction of a pyramidal equilibrium geom-
etry for HyO:--CIF and H,O--F,. In fact, the available
experimental data are insufficient to determine whether the
O---CI-F or O---F—F nuclei are strictly collinear in the
equilibrium arrangement and therefore collinearity was
assumed. The experimental evidence was sufficient, however,
to show that H,O---CIFP® and H,O---F,! are either
effectively planar or planar in the equilibrium geometry. In
this context effectively planar means that, although the
equilibrium configuration at O is pyramidal, the energy
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barrier at the planar conformation is low enough that the
vibrational wavefunctions can be classified according to the
representations of the C,, point group, that is, even in the
zero-point state, the molecule tunnels rapidly between the
equivalent pyramidal conformers. There are some indications
that H,O --- CIF is, like H,O --- HF, effectively planar, so that
the equilibrium geometry is pyramidal, as required by the
rules and the model of Figure 7. A detailed analysis of
rotational spectra in vibrationally excited states associated
with the intermolecular bending modes in H,O---HF
showedl™ that although the barrier to the planar form is
low, it is nonzero and the equilibrium geometry is as shown in
Figure 7, with the angle ¢ =46° between the HF axis and the
C, axis close to half the tetrahedral angle required by rule (1).
The preferred angular geometry of H,O --- CIF is also shown
in Figure 7. It is not possible to determine whether H,O -+ F, is
planar or effectively planar, but in view of the weakness of its
binding (k,=3.63(7) Nm™') and the fact that the barrier is
below the zero-point energy level in the more strongly bound
H,O---HF (k,=25(2) Nm™), it is likely to be planar for all
practical purposes and is so drawn in Figure 8. Both H,O---
HCI® and H,O --- HBr® are also effectively planar. Thus, all
of the H,O---HX and H,O --- XY complexes considered here
can be viewed as “floppy” with respect to intermolecular
bending.

‘ ............. E—F

Figure 8. The observed geometry of H,O ---F,, which is effectively planar
in the zero-point state (see reference [91]).

A nonbonding electron pair model of H,S in which the two
nonbonding pairs occupy two sp hybrid orbitals whose axes
are at 180° to each other and at 90° to the plane of the H,S
nuclei (Figure 9a) is consistent with the observed geometries

a)
- Ka
b) \"\q)
ORD —@
c) «\(p
: \v ........... Chl——®

i
i
h
i

Figure 9. a) Nonbonding electron pair model of H,S and the observed
geometries of b) H,S --- HCI (¢ =93.8(5)°) and ¢) H,S --- CIF (¢ = 95.8(5)°).

of H,S---XY. According to rule (1), in the equilibrium
geometry of H,S---XY complexes the axis of the XY
molecule should lie perpendicular to the H,S plane. In fact,
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detailed interpretations of the halogen nuclear quadrupole
coupling constants in H,S --- CL,,B H,S --- BrCL,"! and H,S ---
CIFP7 allow the conclusion that the S--- X—Y nuclei in these
three complexes lie within a degree or so of collinearity. The
determined geometry of one such complex is shown in
Figure 9c. Again it is remarkably similar to that in the series
H,S - HX (X =E1 C1, Br”) which is exemplified by H,S
---HCl in Figure 9b. In none of the H,S--- XY or H,S---HX
molecules is there any evidence of other than a high potential
energy barrier at the planar form, and it is concluded that, on
the time scale of the microwave experiment, they are per-
manently pyramidal.

The situation is somewhat different for H,S ---F,,[* how-
ever. The geometry determined from zero-point rotational
constants of four isotopomers is shown in Figure 10 and is

Figure 10. The observed geometry of H,S -+ F,. The angle ¢ = 113(5)°, and
the internal rotation of H,S about its local C, axis (angle ) gives rise to a
low-energy vibrational satellite in the rotational spectrum. (See text and
reference [64] for discussion).

pyramidal, as for the other H,S:-- XY, with ¢ =113(5)°. In
addition, even at the low effective temperature of the
supersonic expansion used for the H,S---F, complexes, a
vibrational satellite is observed in the rotational spectrum.
This suggests that a low potential energy barrier separates two
equivalent pyramidal conformations. The barrier corresponds
either to the planar C,, geometry, with motion between the
two equilibrium conformers like the conventional inversion of
ammonia or, more likely, to the planar C; conformation,
through which the molecule passes as a result of internal
rotation of the H,S subunit about its local C, axis. The
observation of a vibrational satellite here is consistent with
the conclusion of Section 3.2 that complexes B ---F, are very
weakly bound compared with those of the other halogens or
interhalogens, at least according to the k, criterion. In the
limit of weak binding and a long distance r(S --- F;), a less rigid
geometry is to be expected.™ Nevertheless, it is significant
that H,S---F, is still isostructural with the other H,S--- HX
(see Figures 9 and 10).

In the H,O--- XY and H,S --- XY series, the electron-donor
atom O or S of the Lewis base B carries two equivalent
nonbonding electron pairs. There is one example of aset B ---
XY/B---HX so far investigated in which B carries three
equivalent nonbonding pairs in the conventional model,
namely, when B is HF (Figure 11). The three complexes HF
-+ CIF®® HF --- CL,,* and HF---HCI®! are again isostruc-
tural, as illustrated by the determined geometries of HF---
CIF and HF --- HCI drawn to scale in Figure 11. The angles ¢
are consistent with rule (1). Interestingly, the isomer HCI---
HF has also been observed!'™ and has a right-angled
geometry, as expected from rule (1) if the n-pairs on the
second-row atom Cl are at 90° to each other, as is commonly
assumed.
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Figure 11. a) Nonbonding electron pair model of HF and the observed
geometries (planar, C;) of b) HF --- CIF (¢ =55°) and ¢) HF---HCl (¢ =
50°).

3.3.3. n-Type Complexes of More Complicated Lewis Bases:
Deviations of Z - -- X—Y Nuclei from Collinearity

If a complex involving XY or HX with B has C, symmetry or
lower, the halogen or hydrogen bonds can be nonlinear, that
is, the nuclei Z---X-Y or Z---H—X can deviate from
collinearity, where Z is the electron-donor atom or center of
B. This section outlines the method for measuring the angular
deviation of the nuclei from collinearity and then compares
the results for the two series of complexes B--- CIF and B ---
HCI, where B is an n-pair donor. The reasons why the method
has so far been restricted largely to CIF complexes in the B ---
XY series will become apparent.

We shall focus our attention on complexes in which the
Lewis base B is 2,5-dihydrofuran, formaldehyde, oxirane, or
thiirane. All complexes B -+ CIFI%-1%41 apd B --- HCIM%-10] of
these Lewis bases have C, symmetry, and therefore the
molecular symmetry plane must coincide with one of the
principal inertial planes (in fact, ab or ac). Then one of the off-
diagonal elements of the Cl nuclear quadrupole coupling
tensor y,,;, or y,. will be nonzero. For such complexes it can be
shown[? %] that, to a good degree of approximation, the
equilibrium angle a,, between the a inertial axis and the CIF
or HCl axis z is given by Equation (11) or by the correspond-
ing expression in which the right hand side involves Y., Xaa
and ..

tan(2 ag:) = = 2%a/ (oo — Xo0) amn

The angle a,, is an important geometrical quantity because
it defines the position of the CIF or HCI subunit in the
equilibrium conformation of the complex and can be com-
bined with the principal moments of inertia of appropriate
isotopomers to determine precisely the relative positions and
orientations of the subunits B and CIF or HCl in space. It then
follows that the positions of the electron-donor atom Z and
the Cl and F nuclei in, for example, B--- CIF are precisely
known and hence so is the deviation of the Z--- CI-F system
from linearity.

Figure 12 compares the angular geometries of the two C
planar molecules H,CO --- CIF'*l and H,CO --- HC1,[1% 107 ag
determined by fitting their principal moments of inertia under
the constraint that the geometry obtained must also repro-
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Figure 12. a) Nonbonding electron pair model of H,CO and the observed
angular geometries (C,, planar) of b) H,CO---CIF (¢=69.1(7)°; 6=
3.2(7)°) and c) H,CO---HCI (¢ =70.0(10)°; 6 =20.5(8)°). The angle 6 is
a measure of the angular deviation of the O---CI-F or O---H—CI nuclei
from collinearity.

duce the angle a,, from Equation (11). Details of the fitting
method and of the method for estimating errors are given
elsewhere.! The diagrams in Figure 12 are drawn to scale.
The angle ¢ is nearly identical in the two complexes and is
close to that expected from the rules enunciated above and
the familiar n-pair model of formaldehyde, in which O carries
nonbonding electron pairs in two sp? hydrid orbitals (Fig-
ure 12a). However, the angle 6, which defines the angular
deviations of the nuclei in O:--CI-F and O---H—CI from
collinearity, is close to zero in H,CO --- CIF but is 20.5(8)° in
H,CO---HCI. This pattern of a highly nonlinear hydrogen
bond in B---HCI but a nearly linear halogen bond in the
corresponding B---CIF is common, as demonstrated below.

A Lewis base that has an oxygen atom with two nonbonding
electron pairs with the tetrahedral angle between them is 2,5-
dihydrofuran. The C-O-C angle in this cyclic ether is 108°,[11%]
and presumably therefore the conventional approach would
require the two n-pairs on O to complete a nearly tetrahedral
environment for the atom. The complexes of 2,5-dihydrofuran
with CIF(' and HCI!®! are of C, symmetry and have the
geometries displayed in Figure 13. The angle ¢ is again similar
in both complexes and is as required if the CIF/HCI molecules
lie along the axis of one of the n-pairs on O. As for the
complexes involving H,CO, the angular deviation 8 =9.5° of
the O --- H-Cl nuclei from collinearity is significant, while that
for O--- CI-F is negligible.

If we proceed from the cyclic ether 2,5-dihydrofuran to
oxirane, the accepted view is that in closing the C-O-C angle
from 108° to about 60° the angle between the n-pairs on O
should increase. The determined geometries of the complexes
of oxirane with HCI'®! and CIFI'®l are drawn to scale in
Figure 14. The angle ¢ is essentially identical in the two
complexes and its value is indeed consistent with the rules for
predicting angular geometries, as the angle between the
n-pairs on O is increased from its value of about 110° in 2,5-
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b)

Figure 13. Observed geometries (C,) of a)2,5-dihydrofuran---CIF (¢ =
53.0(3)°; 6=2.0(2)°) and b) 2,5-dihydrofuran---HCl (¢ =54.3(3)°; 6=
9.5(1)°).

Figure 14. Observed geometries (C,) of a) oxirane---CIF (¢ =67.3(1)°;
6=2.9(1)°) and b) oxirane --- HCI (¢ = 69.1(1)°; 6 =16.5(1)°).

dihydrofuran. However, the hydro-
gen bond in (CH,),0---HCl is sig-
nificantly nonlinear (0=16.5°),
while the O:---ClI-F system in
(CH,),0 - CIF deviates by only a
few degrees from linearity.

The observation of complexes of
oxirane with CIF and HCl is a
testimony to the efficacy of the
fast-mixing nozzle, given the reac-
tivity of CIF and the facile opening
of the oxirane ring by HCI. Perhaps
even more remarkable is the detec-
tion and characterization of the
complex of oxirane with F,.'"!l The
resulting angular geometry of
(CH,),0 ---F, is shown in Figure 15.
Unfortunately, the absence of any
nuclear quadrupole coupling associ-
ated with the F, subunit means that
the angle a,, between the F, axis (z)

Figure 15. Observed
geometry of oxirane---
F, (¢=76(4)°). Angle
6 was assumed to take
the value 10°. This
leads to a value of (O
---F;) similar to that of
O-F in oxirane---HF.
See Table 7 and text
for discussion.
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and the a axis cannot be determined in this case, and hence the
extent of the nonlinearity of the O --- F—F system could not be
quantified. The geometry shown in Figure 15 is based on the
assumption of #=10° (minor nonlinearity), which leads to
¢ =76(4)°, where the error arises from the assumption 6=
10 £5°. Interestingly, even though the O---F interaction is
weak (k,=3.1Nm™), there is no evidence of vibrational
satellites or inversion doubling, as there was in H,S---F,, for
example.

The cyclic thioether thiirane forms isostructural complexes
with CIFI* and HCI'™ (Figure 16). The perpendicular
structures with the angles ¢ ~90° are readily understood on

a)

Figure 16. Observed geometries (C,) of a) thiirane---CIF (¢ =85.0(2)°;
6 =3.5(2)°) and b) thiirane --- HCl (¢ =94.5(20)°; 6 =21.0(5)°). There is
some evidence for a significant contribution of the ionic structure
[(CH,),SCI]*---F~ to the valence-bond description of thiirane - CIF,
which may account for the discrepancy between ¢ for these two complexes
(see reference [104] for discussion).

the basis of an n-pair model of thiirane like that of H,S (see
Figure 9) and the rules for predicting angular geometries.
They are also reminiscent of those of their acyclic analogues
H,S - CIFP") and H,S--- HCI (see Figure 9). Although it
was shown that the S --- CI-F nuclei are nearly collinear in H,S
---CIF, such a conclusion was not available for H,S--- HCIL.
However, application of Equation (11) to the (CH,),S com-
plexes shows that while the S --- CI-F nuclei in (CH,),S -+ CIF
deviate from collinearity by only 8 =3.5°, the hydrogen bond
in (CH,),S ---HCl is highly nonlinear (6 =21.0°).

For all complexes considered in this section so far, the
electron-donor atom Z of B carries two equivalent non-
bonding electron pairs. A prototype Lewis base that offers the
possibility of a pair of inequivalent nonbonding electron pairs
on the electron-donor atom is sulfur dioxide, the conventional
n-pair model of which is shown in Figure 17. The complexes
SO, --- CIF[M"2 SO, --- HCI? 8] and SO, --- HF'" have very
similar angular geometries, the first two of which are included
in Figure 17. In each case the CIF or HX molecule lies
approximately along the axis of the n-pair that is cis to the
S=O bond. The microwave spectrum of SO, --- HCI provides
evidence of considerable nonrigidity, so in the geometry
displayed in Figure 17 the deviation of ¢ from the expected
value may not be significant. The nuclei O --- H—Cl in SO, ---
HCI®l and O -+ CI-F in SO, --- CIF1'2] are within a degree or
so of collinearity, as indicated by precise determination of 6
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Figure 17. a) Nonbonding electron pair model of SO, and observed
geometries of b) SO,---CIF (¢ =131.9(6)°; 6=—0.7(2)°) and c) SO,---
HCI (¢ =143.0(1)°; 6 =—2.5(7)°). The “floppiness of the complex SO,
---HCI may account for its larger angle ¢.

from the off-diagonal element y,, of the CI nuclear quadru-
pole coupling tensor. This fact is of importance in the simple
model for describing deviations of hydrogen bonds and
halogen bonds from linearity that is discussed in Section 3.5.2.

The discussions in this section reveal a parallel between the
angular geometries of B --- CIF and B --- HCI complexes of C
symmetry when B is an n-pair donor, but with the main
difference that the hydrogen bond deviates significantly from
linearity while the Z --- CI-F nuclei remain nearly collinear as
B varies. A simple interpretation of this behavior is possible
but will be postponed until after the angular geometries of
complexes B--- XY and B --- HX in which B is a nonaromatic
7t donor or an aromatic m donor are considered in the
following two sections.

3.3.4. n-Type Complexes in Which B is a Nonaromatic
mw-Electron Donor

Figures 18 and 19 show the experimentally determined
angular geometries of the complexes of the two simplest -
electron donors ethenel?’l and ethyne,? respectively, with Cl,,
as well as those of ethene---HCI'"! and ethyne --- HCL,!]
which are clearly isostructural with those of the corresponding
chlorine complexes. Other complexes ethene--- XY (XY=
BrCl,* CIF,51 HE[''1 HBr!!!81) also have the angular geom-
etry shown in Figure 18 and, correspondingly, other com-
plexes ethyne --- XY (XY =BrCL¥! CIF* and HF!'"l) have
been shown to have the planar T shape illustrated in
Figure 19. In all cases, X°* of XY interacts with the m-electron
density. All of these angular geometries are readily under-
stood on the basis of rule (2) in Section 3.3.1, that is, the
electrophile Cl, or HCI lies along the symmetry axis of a
orbital of the Lewis base. The familiar & bonding electron
density distributions of ethene and ethyne are shown in
Figures 18 and 19, respectively.
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©

Figure 18. a) m-Bonding electron density model of ethene and observed
geometries (perpendicular, C,,) of b) ethene--- CIF and c) ethene --- HCL.
In this, and subsequent figures, the symbol © marks the center of the C—C
multiple bond.

b)
@ 0

Figure 19. a) n-Bonding electron density model of ethyne (sche-
matic; cylindrical symmetry) and observed geometries (planar, C,,) of
b) ethyne --- CIF and c) ethyne --- HCL.

The similarity of cyclopropane in its chemical behavior to
an olefin led to a description of the molecule (from Coulson
and Moffitt)'? in which its unsaturated character was
accounted for by a pseudo-m carbon-carbon bond formed
by overlap of a pair of sp® hybrid orbitals on adjacent carbon
atoms. A schematic electron-density distribution for one of
the bonds of cyclopropane resulting from the Coulson-—
Moffitt model is displayed in Figure 20. Such bonds have
often been referred to as “banana” bonds. The symmetry axis
of the pseudo-m orbital coincides with a median of the
cyclopropane equilateral triangle. Hence, according to rule (2),
the angular geometry of complexes such as cyclopropane ---
CIF'2! and cyclopropane --- HCIl'"?2 should have C,, symmetry
with the CIF or HCI internuclear axis coincident with the
median and with the electrophilic end CI°* of CIF or H** of
HCl closer to the C—C bond than F°~ or CI°, respectively. The
observed geometries of the two complexes (Figure 20b, c)
reveal that this is indeed the case.
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Figure 20. a) Pseudo-m electron density model (Coulson and Moffit!'?) of
cyclopropane and observed geometries of b) cyclopropane---CIF and
c) cyclopropane --- HCL.

The prototype Lewis base that carries a pair of conjugated,
nonaromatic 5t bonds is 1,3-butadiene. According to rule (2),
the axis of a CIF or HCI molecule, for example, will lie along
the local symmetry axis of one of the m orbitals. Two
possibilities then exist, however. Either the CIF/HCI inter-
action is localized and involves only one of the 7 bonds (if the
potential energy barrier to tunneling between the four
equivalent positions is sufficiently high), or tunneling occurs
between the four positions for a low barrier. The geometry of
the complex of CIF with 1,3-butadienel'® is drawn to scale in
Figure 21. The ground-state rotational spectrum of this

LAy

0

.

Figure 21. Observed geometry of 1,3-butadiene --- CIF. The CIF molecular
axis is perpendicular to the plane of the nuclei of 1,3-butadiene, with ¢ =
95.0(2)° and 6 =2.6(10)°. 6 defines the angular deviation of the ©--- CI-F
system from linearity.

complex showed no evidence of quantum mechanical tunnel-
ing between the equivalent structures, and therefore, on the
time scale of the microwave experiment, we conclude that the
mt--- CIF interaction is localized at a single site. The geometry
displayed in Figure 21 is consistent with rule (2) in that the
CIF axis is perpendicular to the plane of the nuclei in 1,3-
butadiene and the angle ¢ is 95°, where © indicates the center
of the C;=C, bond. A comparison with the corresponding HCl
complex is not yet possible, because the rotational spectrum
of 1,3-butadiene --- HCl exhibits the characteristics of nonrigid
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rotor behavior, probably as a result of a low potential energy
barrier between the four equivalent conformers.!?*

Four equivalent centers of interaction between a m orbital
and a Lewis acid such as CIF or HCl are also possible when the
7t donor is the prototype system carrying two cumulative 7
bonds, namely, allene. The m-electron density model of allene
is displayed in Figure 22, together with the experimentally

a)

Figure 22. a) n-Bonding electron density model of allene and observed
geometries (C,) of b) allene --- CIF (¢ =92.5(7)°; 0 =4.9(15)°) and c) allene
-+ HCI (¢ =93(4)°; 0~7°). v is the angle of rotation of the allene subunit
with respect to its C, axis (the geometry with =0 is shown here).

determined angular geometries of allene --- HCIl'>! and allene
.-+ CIE."?¢l Although all angles of rotation i about the C=C=C
axis are consistent with the spectroscopic constants observed
in both investigations because allene is a symmetric-top
molecule, the chemically reasonable choice 1 =0 is shown in
Figure 22. In that case, the electrophilic end H* or CI°* of
HCI or CIF interacts with the maximum of m-electron density.
The angle ¥ =90° would correspond to the interaction of
these atoms with the nodal plane of a & orbital.

The C, symmetry of allene --- HCI and allene --- CIF leads to
nonzero elements y,, of the Cl nuclear quadrupole coupling
tensor and hence, by the method described in Section 3.3.3, to
the angles 6 defining the nonlinearities of the Z --- H-Cland Z
---CI-F systems as well as the angles ¢ (see Figure 22 for
definitions). We note again that the angle ¢ for each complex
is close to the value of 90° required by rule (2). The value of
0~7° for allene--- HCI'*! and 0 =4.9(15)°1*! for allene -
CIF are both in a direction that suggests a secondary
interaction of CI°~ and F°-, respectively, with the nearest H
atom on the C atom remote from the center of the & inter-
action. Recall that secondary interactions of this kind were
observed for the B --- HCI/B --- CIF complexes of C; symmetry
in which the primary interaction is with an n-pair donor.

The final example of a Lewis base that is a nonaromatic
donor is methylenecyclopropane. In the sense that methyl-
enecyclopropane has two pseudo-nt C—C bonds of a cyclo-
propane ring contiguous with the C;=C, m bond, it may be
taken as the prototype that carries cumulative it and pseudo-m
bonds. The observed geometries of complexes of this Lewis
base with CIF!? and HCI'?® are shown in Figure 23. Clearly,
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Figure 23. Observed geometries of a) methylenecyclopropane --- CIF (¢ =
92.5(5)°; 6=4.9(1)°) and b) methylenecyclopropane --- HCI (¢ =90.8°; 6 =
17.5°). The similarity between the geometries of methylenecyclopropane -
CIF and allene --- CIF (Figure 22) is noteworthy.

the intermolecular interaction involves CI°* or H** and the &
bond rather than the pseudo-m bond, and the fact that the
angles ¢ are close to 90° in both complexes is consistent with
rule (2). The Z---H—Cl system again shows considerable
deviation from linearity, while that of Z---Cl-F system is
small. If the values of 640° were an artefact of an unsym-
metrical  bond, one would expect similar values for both the
HCI and CIF complexes of methylenecyclopropane.

3.3.5. n&-Type Complexes in Which B is an Aromatic
mw-Electron Donor

It is clear from the preceding section that rule (2) applies to
all complexes B --- CIF/B --- HCl so far investigated in which B
is a nonaromatic m-electron donor. Thus, for those cases in
which both B --- CIF and B --- HCI have been investigated, the
pairs have isomorphous angular geometries that differ only in
the extent of the nonlinearities of the Z--- Cl-Fand Z--- H-Cl
systems. In this section, we discuss the angular geometries of
complexes in which B is potentially an aromatic m-electron
donor. The molecules B considered are the prototype
aromatic m-electron donor benzene and the two simple
heteroaromatic molecules furan and thiophene. Although
complexes B --- HX have been investigated for X =F, Cl, and
Br, the B --- XY systems examined have so far been restricted
to those with XY = CIF, since they are spectroscopically more
tractable than other B --- XY.

When B is the prototype aromatic molecule benzene,
rule (2) predicts that the electrophilic end CI°* of CIF or H°*
of HX will interact with the m-electron system, but the
equivalence of the six maxima in the n-electron density that
occur at the midpoints of the C—C bonds leads to an
ambiguity. Two possibilities exist: CI**/H* is localized at
the center of a C—C bond, as is the case for all of the
nonaromatic m-electron donors (except for the interaction of
allene with HCI), or internal motion of the CIF/HX subunit
allows CI°*/H°* to sample the six equivalent positions.

The rotational spectra of benzene --- HX (X = F1 C1,[1
Br,31 CNI*2l) and benzene --- CIF!3 are of the symmetric-
top type in the vibrational ground state under supersonic-
expansion conditions. However, benzene --- CIF exhibits an
additional rotational spectrum in such experiments and,
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because of the low effective temperature of the gas, the
satellite spectrum must be associated with a low-energy
vibrationally excited state. The behavior of this vibrational
satellite spectrum can be interpreted in terms of a Coriolis
interaction between the ground state and the vibrationally
excited state, which in turn leads to the conclusion that the
observed geometry of benzene --- CIF is as shown in Figure 24.

Figure 24. Observed geometries of a) benzene--- CIF and b) benzene ---
HCI. The Cg, geometry (6 =0°) represents a potential energy maximum in
benzene --- CIF, and the CI°* end of CIF samples the m-electron density in
the zero-point state as a result of the angular motion ¢ as defined in (b).
This motion is therefore governed by a “Mexican-hat” type of potential
function. The point © represents the intersection of the extrapolated CIF
internuclear axis with the benzene nuclear plane and lies 0.24 A from the
center of the C—C bond, inside the ring. See text and reference [133] for
discussion.

The C,, structure corresponding to 6 =0 occurs at a potential
energy maximum, while in the zero-point state the CIF
subunit executes the angular motion defined by ¢ in Fig-
ure 24. Thus, the electrophilic atom CI°* samples the entire -
electron density, and the motion in the ¢ coordinate follows a
nearly circular path along the potential energy minimum that
encircles the maximum at =0 and encompasses the six
carbon atoms. It is likely that the benzene---HX (X =F, Cl,
Br, CN) complexes behave similarly, but no vibrational
satellite spectra were observed. Unfortunately, it is not
possible to distinguish on the basis of ground-state rotational
spectra alone between a strictly Cg, equilibrium geometry and
a geometry of the type observed for benzene --- CIF. However,
in either case, the vibrational wavefunctions will have Cg,
symmetry.

The heteroatoms of furan and thiophene formally carry a
nonbonding electron pair in an orbital whose symmetry axis
coincides with the C, axis of the molecule. It is of interest to
examine whether rule (3) applies to complexes of furan and
thiophene with CIF and HX, for the Lewis base carries an
n-pair and aromatic m pairs in each case. The usual model of
the n-pair and m-electron density in furan is shown in
Figure 25a. The experimentally determined geometry of
furan --- HCI'3 is depicted in Figure 25b. It has C,, symmetry,
and the HCI molecule lies along the C, axis of furan and forms
a hydrogen bond to O. Evidently, rule (3) holds for furan---
HCI because the n-pair on O, rather than the m electrons,
defines the angular geometry. The result for furan --- HF['3 is
similar.
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Figure 25. a) n-Bonding and nonbonding electron density model of furan
(Z=0) or thiophene (Z=S) and the observed geometries of b) furan---
HCI (planar, C,,) and c) furan---CIF (C,). Note that the point © of the
intersection of the extrapolated CIF internuclear axis and the furan nuclear
plane lies close to the center of the C,—C; bond.

All of the results established so far for pairs of complexes B
-+« CIF and B---HCI show that they are isostructural for a
given B (see Sections 3.3.2-3.3.5). The case in which B is
furan is the first for which this conclusion does not hold, and
furan --- CIF is the first in either series to contravene rule (3).
The observed geometryl'*l (see Figure 25¢) demonstrates
unambiguously that the CIF subunit interacts with the
electron density associated with the w system in the manner
expected if rule (2) applies. An intriguing question then
concerns the closely related molecule thiophene: Does it
behave like furan with regard to its complexes with HCI and
CIF, or is the pair thiophene --- HCl/thiophene - -+ CIF isostruc-
tural ? If the latter, is the 7 system or the n-pair on S the center
of the intermolecular interaction?

Some light may be shed on the electric charge distributions
of furan and thiophene by considering their electric moments.
Table 6 compares the electric dipole moments x40 and the
three components Q,, O, Q. of the electric quadrupole

Table 6. Molecular electric moments of pyridine, furan, and thiophene.

moments!“ 1 of pyridine, furan, and thiophene. There is
good agreement between the experimental values and those
from ab initio calculations. All the electric dipole moments
are negative, with the heteroatom at the negative end in each
case. The component Q,, of the electric quadrupole moment
changes from a large negative value in pyridine, through zero
for furan, and becomes positive in thiophene. The magnitudes
of the electric dipole moments also decrease along this series.
This behavior of the electric moments suggests a progressive
withdrawal of negative charge along the C, axis from the
n-pair on the heteroatom into the ring. However, Q. and
hence the extension of the m cloud above and below the
nuclear plane, is greatest for thiophene. The electric moments
suggest that the aromatic m system of thiophene might be
more nucleophilic than the n-pair on sulfur and, moreover,
suggest that furan might represent a crossover point of the
relative nucleophilicities of the two types of site.

The angular geometry of thiophene---HCl determined
from analyses of the rotational spectra of several isotopomers
is shown in Figure 26 in projection on the ab principal inertial

Figure 26. Observed geometry (C;) of thiophene --- HCI shown in projec-
tion in the ab principal inertial plane, which coincides with the molecular
symmetry plane. Both orientations of the HCI subunit shown are consistent
with the observed rotational constants and Cl nuclear quadrupole coupling
constants of several isotopomers. See text for discussion.

plane.'*? This plane is either a plane of symmetry (i.e., the
complex has C, symmetry) or there is a fairly low potential
energy barrier at the C, geometry, and the H atom oscillates
backwards and forwards through the plane and samples
electron density on each side of one face of the ring. It is not
possible to distinguish between these possibilities on the basis
of the rotational spectrum alone. Moreover, the angle a,, be-
tween the HCI axis (z) and the a axis is known in magnitude

Molecular electric moment!?! Pyridine Furan Thiophene
exptl. theory exptl. theory exptl. theory
U, [1073° Cm] —7.17(15)8371 - 8324 —2.285(3)18  —2.899 —1.83(3)¥ —2.374
Q.. [1074 Cm? —11.7(30) —10.79 0.7(13) 0.06 5.7(53) 4.55
QO [107% Cm?] 32.4(30) 33.96 20.0(10) 22.72 22.0(50) 23.20
Q. [10° Cm? —20.7(50) —23.16 —20.0(10) —22.78 —27.7(73) —217.75

[a] The principal inertial axis a coincides with the C, symmetry axis of each molecule, while c is perpendicular to the plane of the nuclei in each case. The
positive direction of a is towards the heteroatom. All theoretical values of the molecular electric moments are taken from reference [140]. [c] All
experimental values of the electric quadrupole moments are due to Flygare et al.l'*!]
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(see Section 3.3.3) but not in sign, and hence both orientations
of HCI with respect to the a axis shown in Figure 26 are
possible. Whatever the detail, it is clear that thiophene --- HCI
resembles benzene --- HCI (Figure 24) in its angular geometry
and that the HCI molecule samples the m-electron density on
one face of the ring. It is clearly not isostructural with furan ---
HCI (see Figure 25). Thiophene --- HF!'* is similar in geometry
to thiophene --- HCI, with a similar ambiguity in the sign of a,,,.

Analogous difficulties exist with the exact placement of the
CIF unit in thiophene --- CIF,"* and both structures implied in
Figure 27 are consistent with all the observables from the

a) b

Figure 27. a), b) The two preferred geometries of thiophene---CIF (C))
that are consistent with the observed rotational constants and the complete
Cl nuclear quadrupole coupling tensor of the ¥*Cl and ¥Cl isotopomers.
Note that geometry (a) is similar to that observed for furan --- CIF.

rotational spectrum, including the three angles a,,, a,,, and
a... All three angles are available because the molecule has no
symmetry and therefore all three off-diagonal elements y,,
Yae» and . of the Cl nuclear quadrupole coupling tensor are
nonzero and experimentally determinable. It is clear from
Figure 27 that the electrophilic end CI°* of CIF interacts with
the m-electron density on one face of the thiophene ring. We

note that one of the structures implied in Figure 27 is very
similar to that established for furan--- CIF (see Figure 25) in
that the extension of the CIF axis intersects the nuclear plane
of thiophene near to the center of one of the C,=C; bonds.

With reference to Table 6, a question of interest is now whe-
ther pyridine --- CIF and pyridine --- HCI are isostructural and
if so whether the subunit CIF/HCI interacts with the n-pair as
the nucleophilic center rather than the m-electron density.
Certainly, the electric moments of Table 6 tend to suggest this.
The observed geometry of pyridine --- HCI'! has C,, sym-
metry, with a hydrogen bond between HCI and N (Figure 28).
The complex pyridine --- CIF has yet to be investigated.

Figure 28. Observed geometry (C,,, planar) of pyridine --- HCL

3.4. Systematic Behavior among Radial Geometries of
B-.-XY

So far, in discussing complexes B--- XY and comparing
them with the corresponding hydrogen-bonded complexes B
---HX, we have focused on systematic relationships among
angular geometries, the strength of binding (as measured by
k), and the redistribution of electric charge within the XY
subunit. It is also possible to identify systematic behavior in
the radial geometries, that is, the distances r(Z--- X), where Z
is the electron-donor atom in B for o-type complexes or the
electron-donor center in B for ni-type complexes and X is the
inner halogen atom of B --- XY.

We begin with the most weakly bound group of complexes,
namely, those B---X, in which the halogen is molecular
fluorine. Table 7 compares the distances r(Z---F,) in the two
series B---F, and B--- HF, where B is H,S,[* %] HCN,[% 7]
CH3CN,[146’ 147] H20[91, 92] (CHZ)QO,[HL 148] and NH3.[65' 149 Tt is
evident that r(Z---F) is insignificantly different between the
pair B---F, and B ---HF for a given B. Moreover, r(Z---F) is
identical to the sum of the van der Waals radii o(Z) + o(F)!">
of Z and F, given that the latter are not known better than to
about 0.05 A and hence that 6(Z) + o(F) has an uncertainty of

Table 7. Comparison of angular geometries and distances r(Z---F) in complexes B---F, and B--- HF.

B---XF Angular geometry HZ -+ FJF) [A] o(Z) + o(F) [A]t!
symmetry details B:-F, B---HF

H,S - XF C, (Figure 10; X =F) ¢ =113(5)°1%4 3.20(1)l64 3.2461%) 320
C, (Figure 9; X =H) ¢ =91°13

HCN -+ XF C.., (X=F® and X = H®) 2.803(3)15% 2.805(1)1 2.85

CH,CN - XF Cy, (X =F4] and X = HI7)) 2.748(3)1146) 2.751(1)147) 2.85

H,0 - XF C,, (Figure 8; X = F¥1) 2.719(4)! 2.684(16)"! 275
C, (Figure 7; X =H)
C, (Figure 15; X =F) ¢ =76(4)°111

O - XF s [ [148]
D C. (Figure 14; X = H) b =72.0(2)°14 263(6) 26290) 275
HN- XF Cy, (X=Fl and X = HI¥I) 2.708(7)155 2.7104) 2.85

[a] Sum of van der Waals radii from reference [150]. [b] Fitted to rotational constants given by J. W. Bevan, Z. Kisiel, A. C. Legon, D. J. Millen, S. C. Rogers,
Proc. R. Soc. London A 1980, 372, 441 —51 but with ¢ =46° as given in reference [92].
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about 0.1 A. This result is not unreasonable when the k, for
complexes B ---F, are considered.

In Section 3.2, it was noted that B:--F, interactions are
extremely weak. The values of k, recorded in Table 2 of
Section 3.2 are in fact similar in magnitude to those of
complexes of inert gas atoms with various partners. This

of the acceptor center in B and CI for all B, and r(Z---Cl)
tends to become shorter than o(Z)+ o(Cl) for the more
strongly bound species.

A similar pattern of contractions is observed (see Table 9)
for the series B--- CIF/B---HCI for 17 different B (already
referred to throughout this article), except that the contrac-

similarity can be understood when it is recognized that not
only does F, possess no electric dipole moment but also its
electric quadrupole moment is close to zero. Consequently,
F, appears to another molecule B as though it has a spherical
electric charge distribution, that is, it behaves like an inert gas
atom. It is then not unreasonable that the interaction distance B

Table 9. Comparisons of distances r(Z---Cl)?l in complexes in B---CIF and
B---HCL

HZ---Cl) [A] A{AYY o(Z) +

r(Z---F) in the various B---F, should be the sum of the B CIF ref. B:-HCI ref. o(Cl) [A]
van der Waals radii. Presumably, the dispersion interaction is  p-pair donors
relatively more important in B---F, than other B---XY. H,S 2.857 [57] 3.809 [96] 0.952  3.65
Nevertheless, the comparison of the angular geometries of B OC 2770 [53] 3710 [84] 0.940  3.50
.--F, and B --- HF for B = H,S, HCN, CH,CN, H,0, (CH,),0, HF 27 [ 3367 [ 060 3.5
. o T ; SO, 2732 [112] 3472 [23,113] 0740 3.20
and NH; in Table7 1nd1cates that electrostatic interaction g 2639 [56] 3.405 (88] 0766  3.30
involving >*F of **F3=F°* with B controls the shape of B---F, 1,0 2.580 [58] 3215 [93] 0.635 3.0
in the same way that the B/°*H interaction does for B---HF.
The fact that r(Z---F) is essentially identical in the two [>s 24724 [104] 362 [109] LIS 365
series B --- HF and B -+ F, suggests that, in modeling distances
r(Z---F) in hydrogen-bonded complexes, the H atom of HF l>° 2.438 [103] 3.094 [23,108] 0.656 3.20
should be ignored. This procedure was used in the electro-
static model proposed by Buckingham and Fowler.[®! DO 2422 [101] 3071 [105] 0.649 320
Molecular chlorine has no electric dipole moment, but its
electric quadrupole moment is substantially larger than that N 2376 [59] 3136 [76] 0.760  3.30
of F,."" This is reflected in the larger binding strengths of B+ n-pair donors
Cl, complexes compared with those of B -+ F, (see Section 3.2 GCH, 2.873 [54] 3.699 [116] 0.826  3.50
and Table 2 for a discussion of k, values). The distances #(Z - CHa 2.766 [55] 3724 [115] 0958 350
Cl) in various B -+ CL,?% 3238 are given in Table 8, where they (CHY; 2957 [121] 3367 [122] 0610 3.50
. . . ) = 2774 [126] 3.55 [125] 078  3.50
are compared with those in the corresponding series B---
HCI6, 80, 84,88, 96,99, 115, 116] and with the sum o(Z)+o(Cl) of Dz 2.675 [127] 3.571 [128] 0.896 350
Table 8. Comparisons of distances r(Z--- C)@ in complexes B--- Cl, and O 3.313 [133] 3.903 [130] 0.590 3.50
B---HCL
B HZ-+- CIC1) [A] Ar[A]P) (Z) + o(Cl) [A]l S
B--Cl, ref. B--HCl ref. Y\ /7 2.825 [144] 3.693 [142] 0.868  3.50
HP 3240  [34] 35883 [80] 0643 37
H,S 3249  [35] 3.809 [96] 0560  3.65 N
oC 3134 [32] 3710 [84] 0576 350 [a] See Table 8. [b] Ar=r(B HCI) —r(B--- CIFD). [c] Sum of van de.r Waals radii
CH, 3128 7] 3724 [115] 0.59% 350 taken fron.1 reference [150]. A radius 0(C) = 1..70 A was assurr}ed f.0r Cin CO and for
CH, 3.163 [36]  3.699 [116] 0.536 350 C—C multiple bonds. [d] This B - ClF has a significant contribution from [BCI]* ---
HF 296 [33] 3367 [99] 041 315 F- Fo the valence-bond description of the complex. See reference [104] and
HCN 2915  [37] 3405  [88] 0490  3.30 Section 4.2.
NH, 2724  [38] 3.136 [76] 0412 330

[a] Z is the electron-donor atom or electron-donor center in B. Values of
r(Z--- Cl) were taken from the indicated reference or calculated from data

in the reference by the method of A. C. Legon, D. J. Millen, Chem. Phys. tions are systematically larger (mean value Ar=0.79 A

Lett. 1988, 147, 484-489. [b] Ar=r(B---HCl) —r(B---ClL,). [c] Sum of
van der Waals radii taken from reference [150]. A radius of o(C)=1.70 A
was assumed for C in CO and for C—C multiple bonds.

the van der Waals radii™ of the atoms Z and Cl. Three
conclusions are evident from Table 8. First, r(Z---Cl) con-
tracts systematically by about 0.5 A from B--- HCl to B -+~ Cl,.
Secondly, the contraction Ar tends to decrease as the length
r(Z--- Cl) decreases. Thirdly, r(Z--- Cl) for B --- HCl is within
about 0.1 A of the sum of the van der Waals radii 6(Z) + o(Cl)
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compared with 0.53 A). This is understandable, given that
complexes B---CIF are systematically more strongly bound
than those of B---Cl,, no doubt because CIF possesses an
electric dipole moment while Cl, does not. The mean
contraction of r(Z---Br) in complexes B---BrCl relative to
the corresponding B --- HBr—where B is CO,*> %1 C,H, 46 118]
H,S,48 T HCN, [ 89 and NH,;** 7] (see Table 10)—of 0.83 A is
similar to that for the B --- CIF/B --- HCI pairs. An insufficient
number of B -+ Br, have been investigated so far to allow any
firm conclusions, except that there is again a substantial
contraction of #(Z---Br) from B:--HBr to B+ Br,.’% 4. 7783

Angew. Chem. Int. Ed. 1999, 38, 26862714
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Table 10. Comparisons of distances r(Z---Br)l®l in complexes B --- BrCl or B+ Br,
and B --- HBr.

B r(Z -+ Bry/Br) [A] Ar[A]P) o(Z) + o(Br) [A]
B:--BrCl/Br, ref. B:--HBr ref.

B--BrCl

HS 3.0% [48] 3.991 [97] 0.895  3.80
CH, 3.059 [47] - - - 3.65
OC  3.004 [45] 3.917 [85] 0913 3.65
GH, 2979 [46] 3.917 [118] 0938  3.65
HCN 2.834 [49] 3.610 [89] 0776  3.45
NH, 2.628 [50] 3.255 [77] 0.627  3.45
B--Br,

oC  3.050 [40] 3.917 [85] 0.867  3.65
NH, 272 [39] 3.255 77 0.535 345

[a] Z is the electron-donor atom or electron-donor center in B. Values of #(Z--- Br)
were taken from the indicated reference or calculated from data in the reference by
the method of A.C. Legon, D.J. Millen, Chem. Phys. Lett. 1988, 147, 484—489.
[b] Ar=r(B---HBr) —r(B---BrCl) or #(B---HBr) — r(B - - - Br,). [c] See Table 8.

The systematic behavior in #(Z - X) between B --- HX and
B --- XYY noted above can be explained in terms of the shape of
halogen atoms in dihalogen molecules and anisotropic
repulsion. The example of the B---HCI/B---Cl, pairs has
been dealt with in detail and is discussed below. Similar
considerations are likely to apply to B--- HBr/B --- BrCl.

Ab initio SCF calculations were carried out by using a
helium atom to probe the repulsive potentials around the Cl,
and HCl molecules.>!! Two sets of energy calculations were
carried out. Repulsive energy curves were calculated first for
an end-on approach of He to Cl, and then for approach to
each end of the HCI molecule, by obtaining the total energy
and subtracting from it the induction contribution at a series
of points. A repulsive wall was encountered about 0.6 A
earlier in the approach to the H end of HCI than to the CI of
Cl, or indeed to Cl in CIF. Moreover, a map of the repulsion-
energy surface for approaches of He to Cl, shows that the Cl
atom of Cl, is flattened by about 0.32 A for head-on as
opposed to perpendicular approach. The Cl, molecule there-
fore has the “snub-nosed” shape anticipated by Buckingham,
as quoted in reference [26]. A similar conclusion was
obtained for CIF. This snub-nosed character is evident
when van der Waals spheres are placed on the atoms in
H,O--- CIF and H,O --- HCI, as shown by the spherical nets of
appropriate radius drawn in Figure 29. It is clear that the
van der Waals spheres of O and Cl just touch in H,O--- HCI
but substantially interpenetrate in H,O --- CIF, a situation that
is highly unlikely in view of the repulsive energy involved.
Presumably, the “sphere” on Cl in CIF should be drawn as
“snub-nosed”, as suggested by the calculations of refer-
ence [151].

The situation in the related pair H,O---F, and H,O--- HF,
shown in a similar format in Figure 30, is quite different,
however. The van der Waals spheres of oxygen and F just
touch in both cases. This suggests that F, is not snub-nosed like
Cl, and CIF. Ab initio calculations of the type carried out on
CL,/HCI or CIF/HCI would be of interest for the F,/HF pair.
The conclusions of this section lead to the prediction that the
F atom in F, is not anisotropic in the sense that Cl is in Cl, or
CIF, or only slightly anisotropic.

Angew. Chem. Int. Ed. 1999, 38, 26862714

Figure 29. Stick models of H,O --- HCI (top) and H,O --- CIF (bottom) with
spherical nets of the appropriate van der Waals radii centered on O, Cl, and
F. Each model is drawn to scale at the experimental separation, with the
configuration at O as planar for convenience. No van der Waals sphere is
drawn on the H of HCI while (white) spheres of token radius are drawn on
the H atoms of H,O. Note that the O and Cl spheres just touch in H,O -+
HCI but interpenetrate in H,O -+ CIF, leading to the hypothesis of a snub-
nosed character for the Cl atom in CIF. See text for discussion.

Figure 30. Stick models of H,O ---HF (top) and H,O ---F, (bottom) with
spherical nets of the appropriate van der Waals radii centered on O and F.
Each model is drawn to scale at the experimental separation, with the
configuration at O as planar for convenience. Note that the van der Waals
spheres of O and F just touch in both complexes; hence that F, is not “snub-
nosed” like Cl, and CIF. (Reproduced with permission from A. C. Legon,
Chem. Commun. 1998, 2737 -2738.)

3.5. Conclusions about the Nature of B--- XY from
Systematic Behavior of Properties

3.5.1. Parallelisms among Properties of B --- XY and
B---HX: A Model for the Halogen Bond

In Sections 3.1-3.4, the ways in which the properties of
complexes B--- XY, where B is a Lewis base and XY is a
homo- or heteronculear dihalogen, change as B and XY are
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systematically varied were considered. These properties
include the electric charge redistribution in XY, the intermo-
lecular stretching force constant k,, and the angular and radial
geometries of the complex.

For most of the complexes considered so far, it was shown in
Section 3.1 that the extent of the electric charge redistribution
within the XY subunit is small. The intermolecular force
constants k,, which were discussed in Section 3.2, indicate that
these complexes are, for the most part, weakly bound. The
combination of small electric charge redistribution and weak
binding suggested that the simple electrostatic term (i.e., that
involving interaction of the permanent, unperturbed electric
charge distributions of the two molecules) is an important
contribution to the interaction energy.

When in Section 3.3 the angular geometries of various
series B--- XY were discussed and compared with those in
corresponding series of hydrogen-bonded complexes B---
HX, a strong parallelism was identified, and it became clear
that the rules first enunciated® 7! to rationalize angular
geometries of B --- HX also apply, after suitable modification,
to B--- XY. The rules for the B---HX are implicitly electro-
static in origin, involving the identification of directions of
greatest nucleophilicity (n-pair and m-pair directions) in the
“electron donor” B. Subsequently, these rules were given a
quantitative basis in the Buckingham—Fowler electrostatic
model.[%®]

A further parallel between the B--- XY and B --- HX series
was identified for the distances r(Z---X), where Z is the
electron-donor atom/center in B. It was shown in Section 3.4
that this distance is systematically shorter in B--- XY than in
the corresponding B --- HX for each of the series B--- CL,/B ---
HCLB:--CIF/B---HCL B---Br,/B---HBr,and B--- BrCl/B -
HBr. This shortening can be attributed, in part at least, to an
anisotropy of the X atom radius in molecules XY, and this
effect was demonstrated by ab initio calculations!>! in the
case of Cl, and CIF. On the other hand, no such shortening is
evident in the pair of series B---F,/B---HF, a result which,
when taken with the very weak intermolecular binding (as
indicated by k,) in the B---F, series, suggests that B---F,
complexes represent a limiting case. Evidently, F, is not snub
nosed in the sense outlined for the other dihalogen molecules.

Given the remarkable parallelism of the B---XY and B ---
HX series summarized above and that (for the B and HX
considered so far) the hydrogen bond in B --- HX is accepted
as being mainly electrostatic in origin, it seems reasonable to
draw the conclusion that the interaction that predominates in
defining the properties of the B---XY complexes is the
electrostatic term (with the possible qualification in the case
of B+ F, outlined in Section 3.4). Then, for example, the fact
that the rules for angular geometries apply to both B---HX
and B --- XY is readily understood.

In view of the foregoing, it seems worthwhile to define a
halogen bond [*? that is an analogue of the hydrogen bond.
Thus, the halogen bond is predominantly electrostatic in
origin and involves the interaction of unperturbed electric
charge distributions of B and XY. By analogy with the usual
shorthand B --- **H—X?~ for hydrogen-bonded complexes, we
may likewise write B - °*X—Y?~ for a halogen bond when XY
is a heteronuclear dihalogen molecule. This shorthand
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involves only the leading term (electric dipole moment) in
the description of the electric charge distribution of XY. On
the other hand, when XY is a homonuclear dihalogen, the
halogen bond becomes B---*X%X%* since the electric
quadrupole moment of X, is the leading term in the
description of its charge distribution.

With such an operational definition of the halogen bond,
the fact that B---CIF and B---BrCl complexes are isomor-
phous with B---HX (X =F, Cl, Br) can be understood if the
electrophilic end 0 + of each XY or HX molecule seeks the
axis of a nonbonding or m-bonding electron pair on B. It has
been argued elsewherel'®] that, in the absence of secondary
interactions between the nucleophilic region X°~ of HX and
electrophilic regions of B, hydrogen bonds prefer a linear
arrangement Z--- H-X, where Z is the electron-donor atom/
region of B. Bending of the hydrogen bond tends to bring the
two nucleophilic regions Z and X into contact, and this is
energetically unfavorable. Presumably, similar considerations
apply to halogen-bonded complexes B --- XY.

This last point raises an interesting question: Under what
conditions do halogen bonds exhibit nonlinearity (i.e., non-
collinear arrangements of the nuclei Z---X—Y) and how do
nonlinearities of hydrogen-bonded complexes B --- HX com-
pare with those of isomorphous halogen-bonded complexes B
--- XY ? These questions are addressed in the next section.

3.5.2. Nonlinearity in Hydrogen Bonds and “Halogen”
Bonds

The angular geometries of a wide range of complexes B ---
XY and B---HX were considered in Section 3.3. For com-
plexes B---CIF and B---HCI of C, symmetry, it was also
possible to determine the precise deviation of the Z--- CI-F or
Z---H—Cl system from linearity by means of the off-diagonal
element y,, or x,. (depending on whether the principal inertial
plane ab or ac coincides with the molecular symmetry plane)
of the Cl nuclear quadrupole coupling tensor. The method of
establishing the angular deviation 6, as defined in the general
case for the nuclei Z--- XY in Figure 31, from the collinear
(6=0°) arrangement was discussed in Section 3.3.3.

Figure 31. Definitions of the angles ¢ and 0 in the general case of a
complex B --- XY of C, symmetry, where B is, for example, H,CO, oxirane,
thiirane, 2,5-dihydrofuran, allene, or methylenecyclopropane. Z is the
acceptor atom of B in n-pair complexes or the center of the t bond in &t
complexes.

The complexes B--- CIF and B--- HCI that were found to
have C, symmetry were those for which B =H,CO,["> 10712 5.
dihydrofuran,['° 1] oxirane,l'%> 1%I thiirane,'* 1% allene, 2> 120]
and methylenecyclopropane.l'?” 121 Their angular geome-
tries—which are displayed in Figures 1214, 16, 22, and 23,
respectively—were established to be isostructural in the pair
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B--- CIF/B --- HCl for a given B. As remarked in Sections 3.3.3
and 3.3.4, although the angles ¢ (see Figure 31) are virtually
identical in B---CIF and B---HCI for a given B, the non-
linearity 6 is somewhat larger for the hydrogen-bonded
complex. Table 11 summaries the angles ¢» and 6 for the two
series of C; complexes in question. It is evident that 6 is very
small in the B--- CIF. These observations about ¢ and 6 will
now be explained in terms of the simple electrostatic model

Table 11. Angles ¢ and 6 determined for complexes B--- CIF and B--- HCI of C;
symmetry.[?

B B CIF B--HCl

¢ [°] 01[°] ref. ¢ [°] 0[] ref.
H,CO 69.1(7) 32(7)  [102] 70.0(10) 20.58)  [107]
DO 5303) 202)  [101] 543(3)  9.5(1)  [105]
™~
| o 673(1) 29(1)  [103] 69.1(1) 165(1)  [23, 108]
RS
s 850(2) 3502)  [104] 945(20) 21.0(5)  [109]
= 925(7) 49(15)  [126] 9%43) ~7 [125]
>= 9255 49(1)  [127] 90385 175 [128]
S0, 131.96) —072)  [112] 143.0(1) —2.5(7)  [23, 113]

[a] The angles ¢ and 6 are defined in Figures 12—-14, 16, 17, 22, and 23 for the
complexes B --- CIF/B --- HCL.

for the B --- CIF and B --- HCl interactions, the general outline
of which was given in Section 3.5.1.

First, the subunit CIF or HCI is considered to form a
halogen or hydrogen bond to the electron-donor atom or
center in B according to the rules, that is, CIF or HCl lies along
the axis of a nonbonding electron pair on Z or a m-bonding
electron pair. When B is such that the rules predict a complex
of C, symmetry, as in the cases considered here, there is the
possibility of a secondary interaction between the nucleo-
philic end F°~ or CI°~ of CIF or HCI, respectively, and the
more electrophilic region of B, as shown schematically in
Figure 31. This secondary interaction can then be envisaged to
cause F°~ or CI°~ to move towards its electrophilic partner,
whereby the pivot is the primary interaction site. At
equilibrium, the force resisting the bending of the halogen
or hydrogen bond, the secondary attractive force, and any
repulsive force are balanced.

This model readily explains why the angles ¢ are identical
for a given pair B --- CIF/B --- HCI, since whatever the strength
of the secondary interaction, the pivot of the motion is CI°* or
H°* and ¢ does not change. On the other hand, it is clear why
0 for B---HCI is larger than 6 for B---CIF. In general, the
distance r(Z---Cl) in B---HCI is smaller than the distance
r(Z---F) in B---CIF, the Z---CIF primary interaction is
stronger than that of Z --- HCI, and F°~ is a poorer nucleophile
than CI°~. All these factors operate in the same direction, that
is, to make bending of the “chlorine” bond in B --- CIF more
difficult than bending of the hydrogen bond in B---HCI
through the same angle 6. Data for SO, --- CIF!'*?l and SO, -+
HCL!! both of which have planar C; symmetry, are also
included in Table 11. We note that in SO,--- HCI?> 3] and
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SO, - CIF'2] the nucleophiles CI°~ and F°~ are far removed
from the electrophilic region of the molecule B, so that both
the O---H—Cl and O---CI-F systems are nearly linear (see
Figure 17).

In view of the established very small deviation of 6 from
zero in the B--- CIF complexes, a reasonable corollary to the
rules for the prediction of angular geometries (Section 3.3.1)
might be that the CIF molecule is a good probe of the
directions of nonbonding electron pairs. Because of the
significant nonlinearity of hydrogen bonds, HX is a less
satisfactory indicator of nonbonding pair directions. This may
be of relevance to VSEPR theory.

It will be of interest to examine the nonlinearities 6 in
complexes B---Cl,, B---BrCl and B---Br, of appropriate
symmetry. This will be a difficult task because of the
considerable complications in the rotational spectra of such
species that arise from multiple quadrupole coupling nuclei
and a variety of naturally occurring isotopomers. Some values
of 6 were measured in a few B:--HBr? 51571 and B---
HFU48. 158, 1991 complexes, where B is oxirane, thiirane, meth-
ylenecyclopropane, 2,5-dihydrofuran, or formaldehyde. Un-
fortunately, the absence of quadrupolar nuclei in F, means
that values of 6 cannot be obtained for B --- F, by the method
considered here.

4. The Existence of Mulliken Inner Complexes
[BX]"+-- Y and [BH]":-- X~ in the Gas Phase

This review is concerned with the properties of complexes
of the type B --- XY, as determined for the ground state of the
molecule from its rotational spectrum. It has also compared
these properties with those of hydrogen-bonded complexes
B---HX similarly determined. All the discussion so far has
centered on complexes B--- XY and B---HX that are of the
Mulliken outer type, that is, those that are weakly bound and
exhibit only minor electric charge redistribution. The B--- XY
were shown explicitly to be of the outer type by consideration
of the changes in the halogen nuclear quadrupole coupling
constants of XY on complex formation and the generally
small values of k,. The B --- HX were also implicitly assumed
to be of the same type. In fact, this conclusion can be
established by a detailed consideration of molecular proper-
ties, as set out elsewhere.[”!

The final question to be addressed here is: Are there cir-
cumstances in which Mulliken inner complexes [BX]*--- Y~ or
[BH]*--- X~ can be detected in the ground state in the gas
phase ? This question was first formulated and answered in con-
nection with the ammonium and methylammonium halides.

4.1. The Hydrogen Bond B :-- HX and How to Encourage
Proton Transfer

Systematic investigations of members of the series
(CH;);_,H,N---HX (n=3, 2, 0; Table 12) were made by
means of their rotational spectra,’678 1601641 which were
observed in a supersonically expanded jet produced in one
of the two following ways. Either the vapor above the heated
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Table 12. Series of complexes (CH;);_,H,N---HX investigated by rota-
tional spectroscopy and the estimated percentage contributions of
[((CH3);_,H,NH]*--- X~ to valence-bond descriptions of the molecules.

(CH,),N---HF 5%
(CH,),N ---HCI 62%
(CH,),NH* ---Br- 80%
(CH,),NH* - T~ 93%

H.N---HCI 0%
H.N---HBr 0%
H,N---HI 0%

CH,NH, - HC1 23%

ionic solid [ (CH3);_,H,NH]* --- X~ was entrained in argon and
the resulting mixture expanded or (CH;);_,H,N and HX were
mixed in the fast-mixing nozzle and the resulting complexes
observed as described above.

Analysis of the rotational spectra led to various properties
of the complexes (CH;);_,H,N---HX. Of particular impor-
tance in assessing the extent of proton transfer from HX to
(CH;);_,H,N were the halogen nuclear quadrupole coupling
constants y..(X), where z is the HCl internuclear axis, and the
intermolecular stretching force constant k,, as determined
from the centrifugal distortion constant D; or 4; A detailed
review of the arguments for the whole series (CH;);_,H, N ---
HX has been presented elsewhere.l') Only a summary is
given here.

In a weakly bound complex such as HCN ---HX (X=Cl,
Br, I), for which k, values are close to 10 Nm~! or less, the
value of y,.(X) can be modeled by allowing first for the
modified electric field gradient at X resulting from the electric
charge distribution of HCN and then for the zero-point motion
of the complex. Details of how to do this are not important
here and are discussed elsewhere.['>1%] No significant
extension of the H—X bond, and therefore no appreciable
extent of proton transfer, needed to be invoked. HCN --- HX
are thus used as models for the weak limit. The values of
%::(Cl) and k, for HCN --- H¥CI®I are given in Table 13.

Table 13. Comparison of 3Cl nuclear quadropole coupling constants
£..(Cl) and intermolecular stretching force constants k, of complexes
(CH;);_,H,N---HCI with those of model systems.

Complex £..(Cl) [MHz] @ k,Nm!
HCN --- HCI 8] —53.720 9.1
H,N -+ HCI —47.607(9) 17.6(3)
CH,NH, -+ HC| 160 —37.89(1) -
(CH,);N -+ HCI 12 ~21.625(5) 84(3)
Na* - Cl- —5.643(4) 1] 108.61158

[a] z is the HCI internuclear axis.

The model molecules taken to represent the properties of
the ion pair limit [(CH;);_,H,NH]"--- X~ were the sodium
halides Na*---X~, which are known to be ionic in the gas
phase. These have force constants k,~100 Nm~" and cou-
pling constants y..(X) ~ 0 MHz, the latter being that expected
for a spherically symmetric ion X, perturbed slightly by the
nearby cation Na*. The values of y,.(C1)'l and k'8! for Na*
-+-Cl™ are included in Table 13.

The approach to the nature of (CH;);_,H,N---HX for a
particular value of n can then be summarized by considering
the measured y..(Cl) and k, values for n =3, 2, and 0, which
are also given for the (CHj); ,H,N---HCl in Ta-
ble 13.70.160.162] Tt s clear that H;N--- HCI lies close to the
simple hydrogen bond limit, as exemplified by HCN --- HCI,
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both in terms of y . (Cl) and k,. As NHj; is progressively
methylated, however, y,,(Cl) decreases in magnitude while &,
increases. Qualitatively, it is clear that the extent of proton
transfer increases as n decreases from 3 to 2 to 0. A
quantitative interpretation of y,.(Cl), with details as described
in reference [165], shows that the percentage of proton
transfer changes from approximately 0% when n=3, to
23% when n=2, to 62% when n=0 (see Table 12). These
results are in accord with chemical intuition, since the +/
effect of CHj; groups increases the proton affinity of NHj as it
is progressively methylated.['®]

Chemical intuition also suggests that, as the HX molecule
becomes easier to dissociate into ions H" and X~ along the
series X =F, Cl, Br, or I, the extent of proton transfer should
increase in this order for the (CH;);N --- HX series. Values of
the percentage of proton transfer for (CH;);N---HX, X=
CLl62 Brl163l or [ as calculated from halogen nuclear
hyperfine coupling constants (see reference [165]), are in-
cluded in Table 12. We note again a monotonic increase in this
quantity along the series (CH;);N---HX (X=Cl, Br, or I).
Indeed, even in the vapor phase, trimethylammonium iodide
exists as the ion pair [(CH;);NH]"---1-, and the bromide is
nearly so. Detailed energetic arguments, set out in refer-
ence [165], are in accord with these experimental results.

The conclusion from the preceding paragraphs is clear. The
progressive methylation of ammonia and the progressive
decrease of the dissociation energy for HX —H" 4 X~ along
the series X =F, Cl, Br, and I lead eventually to a situation in
which the Mulliken inner complex [(CH,);_H,NH]"--- X"~
becomes more stable than the Mulliken outer complex
(CH;);_,H,N---HX (for X=Br and I, n=0). Interestingly,
the percentage proton transfer in the right-hand vertical series
and the horizontal series in Table 12 shows clearly that the
proton is gradually being transferred, either as HX becomes
progressively easier to dissociate or as n decreases from 3 to 0.
The extent of proton transfer for the (CH;);N---HX com-
plexes in low-termperature argon matrices is similar to that in
the gas phase, while that for H;N --- HX complexes appears to
be significantly greater in the matrix.” A detailed discussion!'’!
of the complexes H;P--- HX and (CHj;);P--- HX on the basis
of similar criteria shows that even for (CH;);P --- HBr there is
no evidence of proton transfer from HBr to (CH;);P in the gas
phase. Energetic considerations reveal that this difference of
behavior between the N and P series originates in the larger
ionic radius of (CH,);PH™ relative to (CH;);NH™ and there-
fore a loss of Coulombic stabilization of the ion pair
(CH;);PH*--- X~ relative to the N analogue. It remains to
discover whether any evidence exists for Mulliken inner
complexes [BX]" - Y~ involving dihalogen molecules XY.

4.2. The Halogen Bond B:--XY and How to Encourage
Charge Transfer

The first evidence that, in the valence bond description of a
gas-phase complex B --- XY, it might be necessary to include a
significant contribution from the ionic form [BX]*--- Y~ came
from an analysis of the rotational spectrum of H;N---CIF
and, in particular, the magnitudes of the CI nuclear quadru-
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pole coupling constant and the intermolecular stretching force
constant k.l The latter is large (34.3 Nm~!) while the former
is smaller than predicted from those of more weakly bound
B--- CIF and the considerations outlined in Section 3.1.2. In
fact, the detailed arguments suggest a contribution of
H;NCI*---F~ of a few percent.

Given the enhancement of ion-pair character that accom-
panies complete methylation of H;N---HX to give (CH;);N
---HX, it seemed important to examine the corresponding
system (CH,);N --- CIF by means of its rotational spectrum.['*”]
The properties established in this way provided strong
evidence of a nontrivial contribution of the form [(CHjs);-
NCI]*---F~ to the valence bond description.

First, the centrifugal distortion constant D, is consistent
with a large value of k,. Second, the distance r(N:--Cl)=
2.090 A, determined by isotopic substitution at both N and CI,
is short compared with the value of 2.639(3) A in the weakly
bound (k,=12.3 Nm~) HCN--- CIE® In fact, (N ---Cl) in
(CH;);N --- CIF is closer to the covalent distances r(N—Cl) =
1.84 A and 1.754(2) A in O,NCII7 and NCI,,17! respectively.
Third, y..(Cl) in (CH;);N --- CIF can be interpreted in terms of
about a 60 % contribution of the form [(CH,);NCI]*---F~ by
using arguments based on comparisons with values of y_.(Cl)
along the Cl bond direction z in molecules such as CH;OCl, as
discussed in detail in reference [169]. Fourth, the '“N nuclear
quadrupole coupling constant y(**N) of (CH;);N---CIF in-
dicates a substantial ion pair contribution. Figure 32 shows the
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Figure 32. A plot of the change Ay(**N) in the “N nuclear quadrupole
coupling constant of (CH;);N on formation of (CH;);N --- HX against the
fractional contribution f of the ionic structure [(CH;);NH]*--- X~ to the
valence-bond description of the complex. Values of f were estimated from
the nuclear quadrupole coupling constants of X (see text and refer-
ence [165] for discussion). The horizontal lines a) and b) mark the values of
Ay("N) for (CH;);N -+ CIF and (CH;);N -+ F,, respectively, and indicate a
significant contribution of [ (CH;);NX]*--- Y~ to the valence-bond descrip-
tion of the complex in each case.

change Ay("“N) of x(*N) relative to free trimethylamine on
formation of the trimethylammonium halides (CH;);N ---HX
(X=Cl, Br, D154 plotted against the fractional ionic
character f, which was determined from the halogen nuclear
quadrupole coupling constant. The result is a straight line
through the origin (which is a proper point). Onto this line is
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drawn Ay ('“N) for the formation of (CH;);N --- CIF. The value
implies that f~ 0.7, although this result should not be taken
literally since we are effectively assuming that the y('*N) for
the two ions [(CHj;);NCI]* and [(CH;);NH]" are identical,
and this is unlikely. Finally, there is evidence from the
behavior of rotational transitions of (CH;);N---CIF with
increasing microwave power that the complex has a very large
electric dipole moment.['*’)

The above evidence strongly supports a detectable contri-
bution of the ion-pair structure [(CH;);NCI]*---F~ to the
valence-bond description of the complex (CH;);N:--CIF. A
contribution on the order of 50% seems likely. Hence, a
Mulliken complex of the inner type, with substantial
charge transfer from the halogen molecule to the amine,
appears to have been identified in the gas phase. Interestingly,
IR matrix-isolation studies” on CIF complexes with both
NH; and (CH;);N also suggest considerable ionic character in
R;N--- CIF species. Are there other examples of this type?
There is some evidence of ion-pair character in (CH,),S -
CIE.4

In view of the extreme weakness of B---F, complexes
referred to in Section 3.2, it was a surprise to find that
(CH;);N ---F, has a large electric dipole moment (=10 D)
compared with that (ca. 1 D) expected from the weak binding
model, a large intermolecular stretching force constant k,, a
short distance (N ---F), and a small value of the “N- nuclear
quadrupole coupling constant.l'’2l If the value of Ay(**N)=
Leomplex("*N) — x0(**N), where y,(*“N) refers to free trimethyl-
amine, is placed on the straight line in Figure 32, it implies a
substantial contribution from [ (CH;);NF]"---F~ to a valence-
bond description of the complex (but with the same caveat
raised in connection with (CH;);N -+ CIF), as do all the other
properties mentioned. Evidently the (CH;);N -+ F, complex,
unlike other B --- F,, involves substantial charge transfer from
F, to the base and may be described as a Mulliken inner
complex. Recent ab initio calculations!'”> 74 indicate that the
arguments concerning Ay(*N) overestimate f and that the
assumption of an unperturbed (CH;);N geometry, necessarily
used to obtain (N --- F;) in reference [172], leads to values of
r(N---F) and r(F---F) that are too small and too large,
respectively.

In summary, there is evidence that the valence-bond
description of complexes of trimethylamine with HCI, HBr,
HI, CIF, and F, requires a significant contribution of the ionic
structure [(CH;);NH]'---X~ or [(CH;);NX]"---Y~ to be
invoked. In particular, proton transfer is effectively complete
in [ (CH;);NH] " --- X~ for X = Br and I. This result means that
although we begin with separate samples of trimethylamine
and HX in the fast-mixing nozzle, about 10 ps after their first
encounter, when collisionless expansion begins, the proton
has been transferred. On the same time scale, there also
appears to be a significant extension of the XY bond in
(CH;);N --- XY.

5. Summary and Outlook

Through the use of a fast-mixing nozzle in conjunction with
a pulsed-jet, FT microwave spectrometer, the rotational
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spectra of complexes B --- XY, formed from a wide range of
simple Lewis bases B and homo- or heteronuclear dihalogen
molecules XY, can be detected and analyzed to give several
properties. The efficacy of the mixing nozzle is such that
complexes can be observed in gas mixtures as reactive as H,S/
F,, NHy/F,, and C,H,/CIF. It has been established in this
article that the properties of the B --- XY so observed exhibit a
systematic behavior when B and XY are varied. In addition, a
close relationship exists with properties in the corresponding
series B ---HX. The properties in question are angular geo-
metries (shapes), intermolecular separations r(Z --- X), where
Z is the electron-donor atom or center in B, the intermolec-
ular binding strength (as indicated by the intermolecular
stretching force constant k;), and the fraction 6 of an
electronic charge redistributed from X to Y when B--- XY is
formed.

Except for the most strongly bound complexes, such as
(CH;);N---HX (X=Cl, Br, or I) and (CH;);N--- XY (XY=
F, or CIF), the complexes discussed are mostly of the
Mulliken outer type. This conclusion is demonstrated by
values of 6 on the order of a few hundredths of an electronic
charge and by values of k, on the order of 10 Nm~ In fact,
there is an approximately linear relation between 0 and k, for
those series B+ Cl,, B - Br, and B -+ BrCl for which 6 can be
determined from the nuclear quadrupole coupling constants
2(X) and x(Y) associated with both ends of XY. A similar
relation may exist for the B --- CIF series, but the absence of a
quadrupolar probe of the electric charge distribution at F
precludes an equivalent analysis.

A systematic relationship was also detected for &, values in
the series B--- XY, where XY =F,, Cl,, Br,, BrCl and CIF.
The k, for most of these complexes can be reproduced by the
simple equation k, = cExyNyg, where c is constant and Eyy and
Npy are the electrophilicity and nucleophilicity of the compo-
nent molecules XY and B. Analogous behavior was noted
previously in a wide range of hydrogen-bonded complexes
B---HX, for which the same equation applies. Moreover,
when the same value of ¢ was assumed for both the B--- HX
and the B --- XY series, the nucleophilicities Ny of a given B
generated from consideration of the two series are in good
agreement. All members of the B ---F, series, except (CH;);N
---F,, are very weakly bound, a result understandable in terms
of the electric charge distribution of F,, which is nearly
spherical. Thus, F, behaves like a spherical inert gas atom as a
first approximation when it interacts with B. The electro-
philicities Exy lie in the order F, < Cl, <Br, < BrCl < CIF,
which is that of the dihalogen electric quadrupole and dipole
moments. This suggests that electrostatic interactions are
important in the description of the B --- XY interaction, except
perhaps when XY is F,.

The angular geometries of the B --- XY show a remarkable
pattern. For a given B, the complexes B---F,, B:--Cl,, B ---
CIF, and B --- BrCl have isomorphous angular geometries. In
addition, for the same B, the B--- HX (X =F, Cl, Br) are also
isostructural with B--- XY. It then follows that some simple
rules, initially enunciated to rationalize the angular geo-
metries of B---HX, also apply, after appropriate reformula-
tion, to the B---XY. These rules are electrostatic in origin,
since they require the electrophilic end H** or X%+ of HX or
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XY, respectively, to seek the direction of greatest nucleophi-
licity in B, that is, the axis of a nonbonding or m-bonding
electron pair. Evidently, the electrostatic component of the
interaction energy is important in defining the angular
geometry of B--- XY, as well as that of B---HX. The main
difference between B---XY and B---HX in this context is
that, when symmetry allows, the deviation 6 of the Z--- H-X
system from linearity is greater than that of the corresponding
Z--- X—Y arrangement.

Radial geometries of B--- XY and B --- HX are also system-
atically related. The difference Ar=ryx(Z -+ X) — ryy(Z - X)
is positive and nearly constant in each series B --- HX/B --- XY
(XY =C(l,, Br,, BrCl, CIF), and this leads to the conclusion
that the van der Waals radius of the atom X in the dihalogen
XY is shorter along the XY axis than perpendicular to it. Thus,
the XY molecule can be described as snub-nosed. For the two
series B---HF/B---F,, however, Ar is very small; this
indicates that the F atom in F, is nearly isotropic in its
van der Waals radius.

The parallelism among the properties of B--- XY and B ---
HX alluded to earlier in this section suggests that one might
invoke the existence of a halogen bond that is an analogue of
the hydrogen bond, that is, an interaction of electrostatic
character involving largely unperturbed electric charge dis-
tributions of either B and XY or B and HX, respectively. The
propensity of B --- HCI to exhibit greater deviations of their Z
---H—ClI nuclei from collinearity than those of Z---X-Y in B
-+ XY may then be understood on the basis of a secondary
interaction of CI°~ or Y~ with the nearest electrophilic region
Eof BinB---HCl or B --- XY, respectively. The distance E ---
°-Fin B --- CIF is larger than the corresponding distance E -+
%~Clin B--- HCl for a given B, and hence the force required to
produce a given angular distortion of the stronger Z--- CI-F
system is greater.

Finally, the existence of Mulliken inner complexes in the
gas phase has been established. The proton affinity and X*
affinity of NH; are both increased by progressive methylation.
Examination of the properties of the series (CH;);_,H, N---
HX as n is varied from 3 to 2 to 0 and X is varied from F
through to I reveals that (CH;);N --- HBr and (CH;);N --- HI
are more appropriately described in terms of the ion pairs
[(CH;);NH]*--- X~, even in the gas phase. Yet again, there is
evidence of parallel behavior in the corresponding series
(CH,;);_,H,N --- XY. For the two members of this series so far
investigated (n=0; XY =F, or CIF), it is necessary to invoke
a contribution from [(CH;);NX]*™---Y~ in a valence-bond
description of the complex.

In future, it will be desirable to investigate other dihalogen
species XY and other Lewis bases, with the aim of establishing
the limits of the generalizations established here. More
quantitative models than those presented in this article will
also be of interest, as will the systematic application of ab
initio SCF calculations to selected series B --- XY.

Addendum

Since this review was submitted the rotational spectra of the
series of complexes B:--ICl (B=Arl'" CO,'"™ C,H,,
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GH,,' H,0,”! H,S,1%01 NH,!!8!) have been detected and
analyzed. Table 14 displays the properties r(Z - 1), kg, d;, and
0,, as determined from the spectroscopic constants (see
Section 2.1). The definitions of Z and k, are given in
Sections 3.3 and 3.2, respectively. The quantities J, and 0,
are the fractions of an electronic charge transferred from Z to
I and from I to Cl, respectively, on complex formation—that
is, inter- and intramolecular electron transfer—and were
determined from modified versions of Equations (8) and (9),
as described below.

The k, values of the B---ICl complexes given in Table 14
indicate, on comparison with those of other B---X, and B ---
XY complexes (Table 2), that B---ICl is the most strongly
bound of the series for a given base B. If E;¢;=9.9 is chosen
for the electrophilicity of ICl, the k, values for B---ICl (B =
CO, CH,, CH,, H,S, NH;) are well reproduced by k,=
cNg Exy (see Section 3.2), as shown by the calculated values

given in Table 14.

Table 14. Comparison of some properties of the complexes B --- ICL.

B WZ-D Al o(Z)+o() [A]  k,[Nm-1Pl ol o, Ref.
Ar 3.576(1) 4.05 3.20 0.0E1  0.0054 [175]
Cco 3.011(1) 3.85 80(83) 0025 0048  [176]
GH,  3.115(1) 3.85 121 (12.4) 0026 0056  [177]
CH, 3.033(2) 3.85 14.0 (14.0) 0054 0080  [178]
H,O  2.807(1) 3.55 159 0.010  0.065  [179]
H,S 3.155(1) 4.00 16.6 (16.0)  0.055  0.084  [180]
NH, 2711(2) 3.65 30.4 (29.5) 0078 0150  [181]

[a] Z is the electron-donor atom or electron-donor center in B. [b] Values of k, in
italics and in parenthesis were calculated from the expression k,=cNg E;q, with
E\=11.9 and Ny values from Table 5. Values of Ny for Ar and H,O are unavailable.
[c] 6, is the fraction of an electronic charge transferred from Z to I on complex
formation. See the text for the method of calculation from y_.(I) and y..(Cl) values.
[d] &, is the fraction of an electronic charge transferred from I to Cl on complex
formation. See the text for the method of calculation from y_.(I) and y..(Cl) values.
The net gain of electronic charge by Lis (6, — d,)e. [e] 0, is assumed to be negligible

for Ar---ICIL

The values of §; and 9, in Table 14 were obtained by using
the appropriate forms of Equation (8) and (9) (Section 3.1.2),
that is, with ¢ in Equation (8) replaced by (6, — 9,) and J in
Equation (9) replaced by 0, (see reference [176] for the
detailed arguments). It was found that if the reasonable
assumption J, = 0.0 is made for the weakly bound complex Ar
---1Cl, the result is 6,=35.4(1) x 107 and ¢,, =5.45(1)°.'""
The assumption ¢, = 0.0 proved unsatisfactory for the other B
---ICl species because it led to ¢, values that become
progressively larger along the series B = Ar, CO, C,H,, C,H,,
H,S, and NH;. This result is unreasonable in view of the
increase in binding strength k, along the series (see Table 14).
On the contrary, we expect ¢,, to decrease as k, increases.
Fortunately, ¢,, is already small for Ar---ICl, and if we
assume ¢,, =4.5(5)° for B=CO, C,H,, and C,H, and 4(1)° for
the more strongly bound cases B = H,S, H,0O, and NH; we can
be confident that the actual value of ¢,, in each case is
included in the range. The ¢, and 6, values given in Table 14
were calculated from the modified versions of Equations (8)
and (9) by using these values of ¢,. This procedure is
tantamount to using Ar --- ICl as the reference point 6, =0 for
intermolecular electron transfer. It cannot be applied to the
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other series (B---Br, and B---BrCl) in which §; might be
significant because the rotational spectra of Ar:--Br, and Ar
---BrCl, and hence the upper limits to the angles ¢,,, are not
known. It is interesting to note that the J; values show a
systematic decrease as the first ionization energy of the Lewis
base B increases, with the exception of CO.!'"82 This phenom-
enon will be discussed elsewhere.

Finally, the distances r(Z---1) are systematically shorter
than the sum o(Z) + o(I) of the van der Waals radii o(Z) and
o(I) of Z and I (Table 14). This is consistent with the behavior
noted for B---Cl,, B:--CIF, B---Br,, and B---BrCl (see
Tables 8 —10) and indicates that the ICl molecule is, like Cl,
and CIF, snub-nosed (see Section 3.4).
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